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The study of UHE neutrinos produced in these 
environments is a window to fundamental 

physics at the highest energies

Why study them?.......

The  highest energies in Nature are beleived to 
reside in dense astrophysical environments.
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The Elementary particles........Blitzkrieg review
The Matter in our Universe is made 
up of quarks and leptons (fermions)

They exchange other particles called 
bosons when they interact with each 

other via the fundamental forces

Quarks experience the strong, 
electromagnetic, weak and 

gravitational forces, and thus carry all 
4 types of charges

Each particle is said to carry 
the “charge” of a force to 

which it is sensitive

The charged leptons (e, mu, tau) 
experience or couple to the 
electromagnetic, weak and 

gravitational forces 

Neutrinos couple to the weak and 
gravitational forces
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Neutrinos........Blitzkrieg review

Neutrinos barely interact, having a mean free path length of 1 light 
year even when passing thru lead

Thus very large volume detectors are necessary to observe them, 
especially when fluxes are small

But it also means they can do what no other particle can, 

 a) they can escape from dense UHE astrophysical environments 

 b) travel to us over cosmological distances

 c) bring information which can be directly related to source
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Neutrinos........Blitzkrieg review

Neutrinos have tiny masses, about 10^-7 times (or less )the mass of 
the lightest charged particle (the electron).

 Absolute mass values not exactly known.

Neutrinos oscillate, i.e change flavour, as they propagate

Produced neutrino flavour may thus be different from detected 
neutrino flavour
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UHE Particle Physics in general and UHE  
Neutrino Physics in particular,  is intimately 
linked to UHE cosmic Rays because in many cases 
both have the same source.........

We begin with a discussion of CR..........
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CR........Schematics
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CR EAS Detector Identification ID efficiency Results
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 Cosmic Rays.....

Over 30 orders of 
magnitude in flux

Over 10 orders of 
magnitude in energy

Vast amount of Data 
which spans ..

Approximate E^(-3) 
spectrum over entire 

range.
Composition at lower 
energies known, 89% 
protons, 10% alpha 

particles and 1% heavy 
nuclei, minute content of 

antiparticles
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 Cosmic Rays.....

CR EAS Detector Identification ID efficiency Results
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Collected over 
decades, using many 
different types of 

detection techniques

Ground Arrays, Air 
Fluorescence, 
Balloons, Satellites, 
Cerenkov light 
detectors, Radio 
Detection.....
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CR EAS Detector Identification ID efficiency Results

Cosmic rays
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 Cosmic Rays..... Different energy ranges 
open windows to different 
physics and sources....

10^8 eV to 10^10 eV- 
Solar physics......

10^10-10^17 eV, Galactic 
sources and 
propagation.......
(composition known up to 
these energies)

10^18 eV and beyond....??? 
(AGNs, GRBs....)
neither origin nor 
composition known well
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Figure 7. Compilation by R. Engel of the main cosmic rays data up to 2007. The fluxes are
multiplied by E2.5. The AGASA spectrum does not show a GZK feature, which is present in
the HiRes and 2007 Auger spectra.

counters) distributed in 100 km2 with 1 km spacing between them, took data from 1984 to
2003 and found no GZK cuto! [20]. This gave rise to several models to explain the “AGASA
excess” above 1020 eV, in which the UHECR were produced locally so the cosmological energy
absorption would not be important. These so called “top-down” models invoked new physics to
produce UHECR directly with the high energies required, as opposed to “bottom-up” models
in which UHECR are accelerated in astrophysical sites.

In 1993, the Fly’s Eye experiment, consisting of a fluorescence telescope in Utah, USA,
detected a 3!1020 eV event. The upgrade of this experiment, the High Resolution Fly’s Eye
(HIRes), with two fluorescence telescopes took data between 1997 and 2006 and found a spectrum
compatible with the GZK cuto! [21].

The Pierre Auger Observatory in Argentina [22], a hybrid experiment which combines the
two detection methods of AGASA and HiRes, was designed to prove or disprove the existence
of the GZK cuto! and to elucidate the mystery of the origin of the highest energy cosmic
rays. It consists of both surface detectors (water tanks), SD, and fluorescence detectors, FD.
The spectrum of AGASA showing no GZK feature, and those of HiRes and Auger in 2007
compatible with a GZK feature, are shown in Fig. 7.

Top-down models were introduced not only to produce the highest energy cosmic rays locally
and avoid the GZK absorption feature, but also as an alternative to acceleration models to
explain the highest energy cosmic rays, which the latter models have di"culty explaining. Only

High Energy Cosmic Rays.....

Comparing the UHECR to terrestial 
accelerators......
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The Generic UHE Accelerator . . .

(Fig from Halzen 07.)

High Energy Neutrinos . . . Mar 31, 2010 PRL, Ahmedabad R. Gandhi – p. 10/33

 The assumed generic UHECR accelerator.....
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The Generic UHE Accelerator . . .

Charged particle (e, p,ions) acceleration acheived by
confining them in its B field. Electrons quickly lose their
energy via synchrotron radiation, and the photons created act
as targets for the protons.

p + ! ! !+ ! "0 + p and p + ! ! !+ ! "+ + n

interactions. Pions decay to µ and #, protons tend to stay
confined, neutrons and neutrinos leave the accelerator, with
the former later decaying to give protons.

The branching ratios, all of" O(1) are known from particle
physics, giving comparable and co-related fluxes for CR, !
rays and # .Observations of TeV ! rays and CR thus can put
bounds on the UHE # fluxes
(Waxman and Bahcall; Mannheim, Protheroe and Rachen )

High Energy Neutrinos . . . July 16, 2009 Fermilab R. Gandhi – p. 11

 The assumed generic UHECR accelerator.....
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 Fluxes from UHE astrophysical 
accelerators are co-related.....
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Introduction:The Neutrino Sky . . .

In terms of sources and energy range explored, Neutrino
Astronomy remains largely uncharted territory.

(Fig from Halzen 07.)

High Energy Neutrinos . . . Mar 31, 2010 PRL, Ahmedabad R. Gandhi – p. 3/33

 The Sky in Neutrinos.....
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CR EAS Detector Identification ID efficiency Results

Extensive air showers

9 / 51

 Atmospheric UHE neutrinos.....
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GZK suppression ! interaction with CMB degrades CR energies

Zatsepin & Kuzmin, JETP Lett.4 (1966) 78 

1966

Eth
pγCMB

=
mπ (mp +mπ/2)

ωCMB
≈ 6.8× 1010

� ωCMB

10−3 eV

�−1
GeV

! predicted within a year of discovery of CMB

3Tuesday, June 21, 2011

Cosmogenic Neutrinos and the γ-ray Background
• Photopion production of protons in cosmic background radiation (CMB) creates

cosmogenic neutrinos. [Greisen’66;Zatsepin/Kuzmin’66;Berezinsky/Zatsepin’69]

p γbgr ∆ 1232 π n

µ νµ

e νe ν̄µ

p γbgr ∆ 1232 π0 p
γ γ

• Simultaneous production of positrons and γ-rays with comparable energy
densities:

ωEM : ων 5 : 3

• Electromagnetic (EM) components cascade in background radiation via to
Fermi-LAT energies (GeV-TeV).

➜ Diffuse γ-ray background limits the flux of cosmogenic neutrinos (“cascade limit”):
[Mannheim/Protheroe/Rachen’98;Keshet/Waxman/Loeb’04]

E2Jν
c

4π
ωcas log

Emax

Emin

Markus Ahlers (YITP, Stony Brook) GZK Neutrinos after Fermi-LAT Paris, July 19-23, 2010

 GZK (Cosmogenic) Neutrinos..... (Griesen, Zatsepin, Kuzmin, 1966)

Let us note here that the neutron 
in the  chain above will decay and 

give a anti-electron neutrino 
(useful later)
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Suppression of energy spectrum

[Phys. Lett. B 685 (2010) 239] 

First hint of suppression           ! reported 9 years ago           

[Bachall & Waxman, Phys. Lett B556 (2003) 1] 

3.5σ − 8σ

[Phys. Rev. Lett. 100 (2008) 101101] HiRes Collaboration ! 5.3σ

Pierre Auger Collaboration ! 20σ

(depending on experiment normalization)
!

!

!

4Tuesday, June 21, 2011

 UHECR.....features at the highest energies
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What Kind of Detectors are needed to see 
UHECR and/or UHE Neutrinos?
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CR EAS Detector Identification ID efficiency Results

Identification of neutrino induced showers

16 / 51

 Signals in a surface detector.....(Auger)
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IceCube / Deep Core

5320 Digital Optical Modules (DOM)

detects Cherenkov light 
from showers and muon 
tracks initiated by 
neutrinos
detects ~220 neutrinos 
and 1.7x108 muons per 
day
threshold 10 GeV
angular resolution
0.4~1 degree

 The IceCube Detector

86 strings, 60 OM/string

17 m distance between 2 OM on 
same string

125 m distance between 2 
consecutive strings

1 km^3 instrumented volume
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60 photomultipliers/string 
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neutrino flavors

 Signals in an underground neutrino detector 
(Icecube).....
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NuSky 20-June-2011 Tom Gaisser 13

More events

A cascade event, candidate for 
a high energy e ~50 TeV
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NuSky 20-June-2011 Tom Gaisser 12

High-energy events in IceCube-40

~100 TeV induced muon

~ EeV air shower
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Eµ= 10 TeVEµ= 6 PeV

Muon Events 

Measure energy by counting the number of fired PMT.
         (This is a very simple but robust method)
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3.6s and 4.5s, respectively, using charm at the
level of our current 90% CL experimental bound.

Discussion
Although there is some uncertainty in the ex-
pected atmospheric background rates, in partic-
ular for the contribution from charmed meson
decays, the energy spectrum, zenith distribution,
and shower to muon track ratio of the observed
events strongly constrain the possibility that our
events are entirely of atmospheric origin. Almost
all of the observed excess is in showers rather than
muon tracks, ruling out an increase in penetrating
muon background to the level required. Atmo-

spheric 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 p/K atmospheric background at lower
energies (8–10): Nine had reconstructed depos-
ited energies above 100 TeV, with two events
above 1 PeV, relative to an expected background
from p/K atmospheric neutrinos of about one
event above 100 TeV. Raising the normalization
of this flux both violates previous limits and, be-
cause of nm bias in p and K decay, predicts too
many muon tracks in our data (two-thirds of tracks
versus one-fourth observed).

Another possibility is that the high-energy
events result from charmed meson production in
air showers (6, 11). These produce higher-energy
events with equal parts ne and nm, matching our
observed muon track fraction reasonably well.
However, our event rates are substantially higher
than even optimistic models (11) and the energy
spectrum from charm production is too soft to
explain the data. Increasing charm production
to the level required to explain our observations
violates existing experimental bounds (8). Be-
cause atmospheric neutrinos produced by any
mechanism are made in cosmic ray air showers,
down-going atmospheric neutrinos from the south-
ern sky will, in general, be accompanied into
IceCube by muons produced in the same parent
air shower. These accompanying muons will trig-
ger our muon veto, removing most of these events
from the sample and biasing atmospheric neutrinos
to the Northern Hemisphere. Most of our events,
however, arrive from the south. This places a
strong model-independent constraint on any at-
mospheric neutrino production mechanism as an
explanation for our data.

By comparison, a neutrino flux produced in
extraterrestrial sources would, like our data, be
heavily biased toward showers because neutrino
oscillations over astronomical baselines tend to
equalize neutrino flavors (12, 13). An equal-flavor
E!2 neutrino flux, for example, would be expected
to produce only one-fifth of track events (see

Fig. 3. Coordinates of the first de-
tected light from each event in the
final sample. Penetrating muon events
are first detected predominantly at the
detector boundaries (top and right sides),
where they first make light after cross-
ing the veto layer. Neutrino events should
interact uniformly throughout the ap-
proximately cylindrical detector volume,
forming a uniform distribution in (r2,z),
with the exception of interactions in the
less transparent ice region marked “Dust
layer,” which is treated as part of the de-
tector boundary for purposes of our event
selection. The observed events are con-
sistent with a uniform distribution.
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Fig. 4. Distributions of the deposited energies and declination angles
of the observed events compared to model predictions. (A and B) Zenith
angle entries for data (B) are the best-fit zenith position for each of the 28 events;
a small number of events (Table 1) have zenith uncertainties larger than the
bin widths in this figure. Energies plotted (A) are reconstructed in-detector
visible energies, which are lower limits on the neutrino energy. Note that de-
posited energy spectra are always harder than the spectrum of the neutrinos
that produced them because of 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 the text), and the magenta line shows the experimental
90% bound. Because of a 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 E2Fn(E) = 1.2 ! 10!8 GeV cm!2 s!1 sr!1.

www.sciencemag.org SCIENCE VOL 342 22 NOVEMBER 2013 1242856-3

RESEARCH ARTICLE

EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

Monday 24 March 2014



events and inconsistent with backgrounds from
penetrating muons or with detector artifacts, which
would have been expected to trace the locations of
either the fiducial volume boundary or the posi-
tions of the instrumentation.

As part of our blind analysis, we tested a pre-
defined fixed atmospheric-only neutrino flux

model (5), including a benchmark charm com-
ponent (6), reevaluated using current measure-
ments of the cosmic ray spectrum in this energy
range (7, 8). This adds an additional 1.5 charm
neutrinos to our mean background estimate and
predicts, on average, 6.1 (p/K and charm) back-
ground neutrinos on top of the 6.0 T 3.4 back-

ground muon events. Significance was evaluated
on the basis of the number of events, the total
collected PMT charge of each, and the events’
reconstructed energies and directions (see Mate-
rials and Methods). Our procedure does not allow
us to separately incorporate uncertainties on the
various background components. To nevertheless
obtain an indication of the range of possible
significances, we calculated values relative to
background-only hypotheses with charm at the
level called “standard” in (6) as a benchmark flux
as well as at the level of our current 90% confi-
dence level (CL) experimental bounds (8) (corre-
sponding to 3.8 times standard). To prevent
possible confirmation bias, we split the data set
into two samples. For the 26 new events reported
here, using the benchmark flux, we obtain a sig-
nificance of 3.3s (one-sided). Combined using
Fisher’s method with the 2.8s observation of
the earlier analysis where the two highest energy
events were originally reported (3), and which uses
the same benchmark atmospheric neutrino flux
model, we obtain a final significance for the entire
data set of 28 events of 4.1s. The same calculation
performed a posteriori on all 28 events gives 4.8s.
These two final significances would be reduced to

Fig. 2. Distribution of best-fit de-
posited energies and declinations.
Seven of the events contain muons
(crosses) with an angular resolution
of about 1°, whereas the remainder
are either electromagnetic (EM) or ha-
dronic showers (filled circles) with an
energy-dependent resolution of about
15°. Error bars are 68% confidence in-
tervals including both statistical and
systematic uncertainties. Energies shown
are the energy deposited in the de-
tector, assuming that all light emission
is from electromagnetic showers. For
ne charged-current events, this equals
the neutrino energy; otherwise, it is a lower limit on the neutrino energy. The gap in Edep between 300 TeV
and 1 PeV does not appear to be significant: Gaps of this size or larger appear in 28% of realizations of the
best-fit continuous power-law flux.
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Table 1. Propertiesof the28events.Shownare the deposited electromagnetic-
equivalent energy (the energy deposited by the events in IceCube assuming all
light was made in electromagnetic showers), as well as the arrival time and
direction of each event and its topology (track- or showerlike). The energy shown
is equal to the neutrino energy for ne charged-current events, within experimen-
tal uncertainties, and is otherwise a lower limit on the neutrino energy because

of exiting muons or neutrinos. Errors on energy and the angle include both
statistical and systematic effects. Systematic uncertainties on directions for
showerlike events were determined on an individual basis; track systematic
uncertainties here are equal to 1°, which is an upper limit from studies of the
cosmic ray shadow of the moon (4). Additional per-event information, includ-
ing event displays, can be found in the supplementary materials.

ID Deposited
energy (TeV)

Time
(modified Julian date)

Declination
(degrees)

Right ascension
(degrees)

Median angular error
(degrees) Event type

1 47.6!5.4
+6.5 55,351 !1.8 35.2 16.3 Shower

2 117!15
+15 55,351 !28.0 282.6 25.4 Shower

3 78.7!8.7
+10.8 55,451 !31.2 127.9 "1.4 Track

4 165!15
+20 55,477 !51.2 169.5 7.1 Shower

5 71.4!9.0
+9.0 55,513 !0.4 110.6 "1.2 Track

6 28.4!2.5
+2.7 55,568 !27.2 133.9 9.8 Shower

7 34.3!4.3
+3.5 55,571 !45.1 15.6 24.1 Shower

8 32.6!11.1
+10.3 55,609 !21.2 182.4 "1.3 Track

9 63.2!8.0
+7.1 55,686 33.6 151.3 16.5 Shower

10 97.2!12.4
+10.4 55,695 !29.4 5.0 8.1 Shower

11 88.4!10.7
+12.5 55,715 !8.9 155.3 16.7 Shower

12 104!13
+13 55,739 !52.8 296.1 9.8 Shower

13 253!22
+26 55,756 40.3 67.9 "1.2 Track

14 1041!144
+132 55,783 !27.9 265.6 13.2 Shower

15 57.5!7.8
+8.3 55,783 !49.7 287.3 19.7 Shower

16 30.6!3.5
+3.6 55,799 !22.6 192.1 19.4 Shower

17 200!27
+27 55,800 14.5 247.4 11.6 Shower

18 31.5!3.3
+4.6 55,924 !24.8 345.6 "1.3 Track

19 71.5!7.2
+7.0 55,926 !59.7 76.9 9.7 Shower

20 1141!133
+143 55,929 !67.2 38.3 10.7 Shower

21 30.2!3.3
+3.5 55,937 !24.0 9.0 20.9 Shower

22 220!24
+21 55,942 !22.1 293.7 12.1 Shower

23 82.2!8.4
+8.6 55,950 !13.2 208.7 "1.9 Track

24 30.5!2.6
+3.2 55,951 !15.1 282.2 15.5 Shower

25 33.5!5.0
+4.9 55,967 !14.5 286.0 46.3 Shower

26 210!26
+29 55,979 22.7 143.4 11.8 Shower

27 60.2!5.6
+5.6 56,009 !12.6 121.7 6.6 Shower

28 46.1!4.4
+5.7 56,049 !71.5 164.8 "1.3 Track

22 NOVEMBER 2013 VOL 342 SCIENCE www.sciencemag.org1242856-2
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EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

2 events 
with PeV 
energy

 Event with 
next highest 

energy

28 events with  energies 
between 30 TeV and 1.2 PeV

21 cascade events, 7 muon 
track events

Angular 
distribution 
consistent 

with 
isotropy

2 events 
with PeV 
energy

Flavour 
distrib
ution 

consist
ent 
with 
1:1:1
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 Ask certain questions and try to answer in best possible 
way in order to assess present situation.
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 Can the signal be explained by atmospheric neutrinos alone?
Answer: Very unlikely
Reasons:

Observed events have much higher energy, and significantly higher 
spectrum  (E^-2 as opposed to E^-3.7)
9 events with energy above 100 TeV (including 2 over 1 PeV), wheras  
atmospheric expectation  is only 1 event above 100 TeV

Atmospheric origin would imply many more muon tracks compared to 
cascades, (2/3 vs the 1/4 which are observed).

Adding even the most optimistic charm production models still gives 
softer spectrum and fewer events than seen.

Any atmospheric origin will give excess muons, triggering muon veto, 
biasing events to Northern hemisphere.  However, most events  are 
from the south.   
> 4σ significance for non-atmospheric origin.
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 Can the signal be explained by astrophysical (extraterrestial) 
neutrinos?
Answer: Yes

Reasons:

Equal flavour flux would produce cascade event:track event  ratio
of 4:1. When superposed with atmospheric events , expect this to be 
approx 3:1, as is seen. (Atmospheric backgnd expected is 10.6 events)

Since neutrinos in the relevant energy region suffer significant  
absorption in the earth, most events from isotropic extraterrestial 
flux will also be from south (as is seen).

Data well described by a E^-2 spectrum. However, one would expect 
3-6 more events in 2 PeV to 10 PeV range, which are not seen.

Important
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Materials and Methods). The observed zenith
distribution is also typical of such a flux: As a
result of absorption in Earth above tens of TeV
energy, most events (about 60%, depending on
the energy spectrum) from even an isotropic high-
energy extraterrestrial population would be ex-
pected to appear in the Southern Hemisphere.
Although the zenith distribution is well explained
(Fig. 4) by an isotropic flux, a slight southern ex-
cess remains, which could be explained either as a
statistical fluctuation or by a source population that
is either relatively small or unevenly distributed
through the sky.

This discussion can be quantified by a global
fit of the data to a combination of the p/K atmo-
spheric neutrino background, atmospheric neutri-
nos from charmed meson decays, and an isotropic
equal-flavor extraterrestrial power-law flux. With
the normalizations of all components free to float,
this model was fit to the two-dimensional depos-
ited energy and zenith distribution of the data
(Fig. 2) in the range of 60 TeV < Edep < 2 PeV,
above most of the expected background (Fig. 4).
The data are well described in this energy range
by an E!2 neutrino spectrum with a per-flavor nor-
malization of E2F(E) = (1.2 T 0.4) ! 10!8 GeV
cm!2 s!1 sr!1. Although it is difficult to substan-
tively constrain the shape of the spectrum with
our current limited statistics, a flux at this level
would have been expected to generate an ad-
ditional three to six events in the 2 to 10 PeV
range; the lack of such events in the sample may
indicate either a softer spectrum (the best fit is
E!2.2 T 0.4) or the presence of a break or cutoff at
PeVenergies. When limited to only atmospheric
neutrinos, the best fit to the data would require a
charm flux 4.5 times larger than the current ex-
perimental 90% CL upper bounds (8) and even
then is disfavored at 4s with respect to a fit
allowing an extraterrestrial contribution.

Search for Neutrino Sources
To search for spatial clustering, indicating pos-
sible neutrino sources, we conducted a maximum
likelihood point source analysis (14). At each point
in the sky, we tested a point source hypothesis
based on full-sky uncertainty maps for each event
obtained from the reconstruction. This yields a
sky map of test statistic values [TS = 2log(L/L0),
where L is the maximized likelihood and L0 is
the likelihood under the null hypothesis], which
reflects any excess concentration of events rela-
tive to a flat background distribution (Fig. 5). To
account for trials due to searching the whole sky,
we estimate the significance of the highest TS
observed by performing the same analysis on the
data with the right ascension of the events ran-
domized. The final significance is then the frac-
tion of these randomized maps that have a TS
value anywhere in the sky as high or higher than
that observed in data. The chance probability cal-
culated this way is independent of Monte Carlo
simulation. Therefore, the significance obtained
is against the hypothesis that all events in this
sample are uniformly distributed in right ascen-

sion, rather than the significance of a cluster of
events above predicted backgrounds. Note that
because muon tracks have much smaller angular
uncertainties than showers, their presence can
skew the highest TS values and overshadow clus-
ters of shower events. To correct for this effect,
and because muon events are more likely to be
atmospheric background, we repeated every clus-
tering analysis described here twice: once with
the full 28 events and once with only the 21 shower
events.

When using all events, the likelihood map
reveals no significant clustering compared to
randomized maps. For the shower events, the
coordinates with the highest TS are at right as-
cension = 281°, declination = !23° (galactic lon-
gitude l = +12°, latitude b = !9°). Five events,
including the second highest energy event in the
sample, contribute to the main part of the excess
with two others nearby. The fraction of random-
ized data sets that yield a similar or higher TS at
this exact spot is 0.2%. (At the exact location of the
galactic center, the fraction is 5.4%.) The final sig-
nificance, estimated as the fraction of randomized
maps with a similar or higher TS anywhere in the
sky, is 8%. This degree of clustering may be compat-
ible with a source or sources in the galactic center
region, but the poor angular resolution for showers
and the wide distribution of the events do not
allow the identification of any sources at this time.

Two other spatial clustering analyses were
defined a priori. We performed a galactic plane
correlation study using the full directional re-
construction uncertainty for each event to define
the degree of overlap with the plane. The plane
width was chosen to be T2.5° on the basis of TeV
gamma-ray observations (15).Amulticluster search
using the sum of log-likelihood values at every

local maximum in the likelihood map was also
conducted. Neither of these analyses yielded sig-
nificant results.

In addition to clustering of events in space,
we performed two tests for clustering of events
in time that calculate significances by compar-
ing the actual arrival times to event times drawn
from a random uniform distribution throughout
the live time. Because many sources (16–18) are
expected to produce neutrinos in bursts, identi-
fication of such a time cluster could allow asso-
ciation with a source without reference to the
limited angular resolution of most of the ob-
served neutrinos. When using all events, no sig-
nificant time cluster was observed. Furthermore,
each spatial cluster in Fig. 5 containing more than
one event was tested individually for evidence
of time clustering. Of the eight regions tested, the
most significant was a pair that includes the highest
energy shower in the sample, but was still com-
patible with random fluctuations. The five shower
events of the densest cluster show no significant
overall time clustering.

Materials and Methods

Event Selection
Backgrounds for cosmic neutrino searches arise
entirely from interactions of cosmic rays in Earth’s
atmosphere. These produce secondary muons
that penetrate into underground neutrino detec-
tors from above, as well as atmospheric neutrinos
that reach the detector from all directions because
of the low neutrino cross section, which allows
them to penetrate Earth from the opposite hemi-
sphere. These particles are produced in the decays
of secondary p and K mesons; at high energies,
a flux from the prompt decay of charmed mesons

Fig. 5. Sky map in equatorial coordinates of the TS value from the maximum likelihood point
source analysis. The most significant cluster consists of five events—all showers and including the second
highest energy event in the sample—with a final significance of 8%. This is not sufficient to identify any
neutrino sources from the clustering study. The galactic plane is shown as a curved gray line with the galactic
center at the bottom left denoted by a filled gray square. Best-fit locations of individual events (listed in
Table 1) are indicated with vertical crosses (+) for showers and angled crosses (!) for muon tracks.
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 Any other issue related  to the WB bound?
Answer: Yes

The numerical value of the WB bound depends on an assumption as to 
the CR energy beyond which the CR flux is extragalactic. If the PeV 
and hundred TeV neutrinos are extragalactic, then CR flux above 100 
PeV must be extragalactic, and not, as assumed by WB, above 1 EeV.  
This alters (increases) the level of the bound by a factor of 10. 
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 There is a gap in the data. Is it significant?
Answer according to IceCube: Probably not.

 (What gap?)
(Answer:  There are 26 events between 30 TeV and 250 TeV, none 
between 250 TeV and 1 PeV)

3.6s and 4.5s, respectively, using charm at the
level of our current 90% CL experimental bound.

Discussion
Although there is some uncertainty in the ex-
pected atmospheric background rates, in partic-
ular for the contribution from charmed meson
decays, the energy spectrum, zenith distribution,
and shower to muon track ratio of the observed
events strongly constrain the possibility that our
events are entirely of atmospheric origin. Almost
all of the observed excess is in showers rather than
muon tracks, ruling out an increase in penetrating
muon background to the level required. Atmo-

spheric 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 p/K atmospheric background at lower
energies (8–10): Nine had reconstructed depos-
ited energies above 100 TeV, with two events
above 1 PeV, relative to an expected background
from p/K atmospheric neutrinos of about one
event above 100 TeV. Raising the normalization
of this flux both violates previous limits and, be-
cause of nm bias in p and K decay, predicts too
many muon tracks in our data (two-thirds of tracks
versus one-fourth observed).

Another possibility is that the high-energy
events result from charmed meson production in
air showers (6, 11). These produce higher-energy
events with equal parts ne and nm, matching our
observed muon track fraction reasonably well.
However, our event rates are substantially higher
than even optimistic models (11) and the energy
spectrum from charm production is too soft to
explain the data. Increasing charm production
to the level required to explain our observations
violates existing experimental bounds (8). Be-
cause atmospheric neutrinos produced by any
mechanism are made in cosmic ray air showers,
down-going atmospheric neutrinos from the south-
ern sky will, in general, be accompanied into
IceCube by muons produced in the same parent
air shower. These accompanying muons will trig-
ger our muon veto, removing most of these events
from the sample and biasing atmospheric neutrinos
to the Northern Hemisphere. Most of our events,
however, arrive from the south. This places a
strong model-independent constraint on any at-
mospheric neutrino production mechanism as an
explanation for our data.

By comparison, a neutrino flux produced in
extraterrestrial sources would, like our data, be
heavily biased toward showers because neutrino
oscillations over astronomical baselines tend to
equalize neutrino flavors (12, 13). An equal-flavor
E!2 neutrino flux, for example, would be expected
to produce only one-fifth of track events (see

Fig. 3. Coordinates of the first de-
tected light from each event in the
final sample. Penetrating muon events
are first detected predominantly at the
detector boundaries (top and right sides),
where they first make light after cross-
ing the veto layer. Neutrino events should
interact uniformly throughout the ap-
proximately cylindrical detector volume,
forming a uniform distribution in (r2,z),
with the exception of interactions in the
less transparent ice region marked “Dust
layer,” which is treated as part of the de-
tector boundary for purposes of our event
selection. The observed events are con-
sistent with a uniform distribution.
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Fig. 4. Distributions of the deposited energies and declination angles
of the observed events compared to model predictions. (A and B) Zenith
angle entries for data (B) are the best-fit zenith position for each of the 28 events;
a small number of events (Table 1) have zenith uncertainties larger than the
bin widths in this figure. Energies plotted (A) are reconstructed in-detector
visible energies, which are lower limits on the neutrino energy. Note that de-
posited energy spectra are always harder than the spectrum of the neutrinos
that produced them because of 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 the text), and the magenta line shows the experimental
90% bound. Because of a 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 E2Fn(E) = 1.2 ! 10!8 GeV cm!2 s!1 sr!1.
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 From the spectral fits, the flavour mix, and the proximity to the WB 
bound, the data on the face of it seems to be astrophysical neutrinos 
originating in the same sources as UHE CR.
 The 3 unexpected features are the gap between 250 TeV and 1 PeV, 
and the lack of events beyond a PeV, and the saturation of the bound.

What are some of the other possible explanations being proposed?

The 2 PeV events are a line signature from dark matter decay/
annihilation (Feldstein et al, 1303.7320.) This also yields a continuum signal at 
lower energies, but this is model dependant, and usually below 
atmospheric. 
Similar idea proposed by Esmaili et al, 1308.1105, but they have fit spectrum 
at < PeV
s channel enhancement of nu-quark scattering due to 0.6 TeV 
leptoquark (Barger and Keung, 1305.6907)
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 Situation is intriguing, with no single explanation being a perfect fit. 
However, extraterrestial neutrinos from CR sources appears to be 
ahead ot other possibilities. More data and new ideas would help...........

                                         Thank you for your attention!
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Figure 2 – The upper bound imposed by UHECR observations on the extra-Galactic (all flavor) high energy
neutrino intensity (lower-curve: no evolution of the energy production rate, upper curve: assuming evolution fol-
lowing star formation rate), eq. 2, compared with the atmospheric muon-neutrino background, with experimental
upper bounds (dashed black lines), and with the IceCube detection [7]. Shown are the muon and all flavor upper
bounds of the optical Cerenkov observatories AMANDA [16], ANTARES [17] and BAIKAL [18], the all flavor
upper bounds of the coherent Cerenkov radio detectors RICE [19] and ANITA [20], and the !! upper bound of
the PAO [21]. The curve labelled ”GZK” shows the neutrino intensity expected from UHECR proton interactions
with micro-wave background photons [22]. The black dash-dotted curve is the expected sensitivity of detectors
of few 100 Gton (few 100 km3) e!ective mass (volume), that may be achieved with proposed radio detectors
[23] or with proposed (optical) extensions of IceCube [24]. For a detailed discussion of the experiments see [25].
The dash-dotted blue line shows the muon neutrino intensity that would produce one neutrino induce muon in a
detector with an e!ective area of 1 km2.

The IceCube excess neutrinos are likely produced by interactions of high energy CR protons
with protons or photons, or of high energy CR nuclei with protons, which produce pions that
decay to produce neutrinos. Assuming that the neutrino excess is due to extra-Galactic sources
of protons, a lower limit of E2

pdṅp/dEp ! 0.5 " 1044erg/Mpc3yr on the local, z = 0, proton
production rate is implied. A similar limit is obtained for heavy nuclei, since photo-disintegration
does not reduce significantly the energy per nucleon27. The CR energy range corresponding to
the energy range of the observed neutrinos is # 1A$ 100A PeV, where A is the atomic number
of the CRs27. The observed neutrinos may thus be produced either by sources producing CRs at
a rate E2dṅ/dE % 0.5"1044erg/Mpc3yr and for which CRs of rigidity E/Z < 1017 eV lose most
of their energy to pion production, either within the source or at source’s environment (as would

be the case for sources residing in starburst galaxies28), or by sources producing E2dṅ/dE &

0.5 " 1044erg/Mpc3yr and for which CRs lose only a small fraction, f(E) ' 1, of their energy
to pion production. In the latter case, the small (and likely energy dependent) energy loss
fraction should compensate the large energy production rate to reproduce the observed flux and
spectrum over two decades of ! energy, and the coincidence of the observed neutrino flux and
spectrum with the WB bound flux and spectrum would be a chance coincidence.

The simpler explanation, which we consider to be more likely, is that both the neutrino excess
and the UHECR flux are produced by the same population of cosmologically distributed sources,
producing CRs at a similar rate, E2dṅ/dE # 0.5 " 1044 erg/Mpc3yr (at z = 0), across a wide
range of energies, from % 1015 eV to > 1020 eV, and for which CRs of rigidity E/Z < 1017 eV

lose much of their energy to pion production40. Note that a dN/dE ( E!2 power-law spectrum
of accelerated particles has been observed for both non-relativistic and relativistic shocks, and
is believed to to be due to Fermi acceleration in collisionless shocks29 (although a first principles
understanding of the process is not yet available). The absence of neutrino detection above a

 Where is the detected signal with respect to the WB bound?
Answer: It sits on it.

 This strengthens somewhat the assumption that UHE CR and UHE 
neutrinos may have the same sources powered by accelerators like 
AGNs and GRBs.
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CR EAS Detector Identification ID efficiency Results

Opening the box

After unblinding:

0
candidates for the search periods.

search periods

Down-going : Nov 07 to May 10

Up-going : Jan 04 to Feb 09

Both periods are equivalent to 2 yrs. full Auger

45 / 51

 Auger results.....

CR EAS Detector Identification ID efficiency Results

Summary

The Pierre Auger Observatory is sensitive to UHE neutrinos:
down-going neutrinos (θ ∈ [75◦, 90◦]): all flavours CC & NC.
up-going neutrinos (θ ∈ [90◦, 95◦]): ντ CC.

Signature: very inclined showers with significant E-M content.

ZERO neutrino candidate events found in data.

Maximum sensitivity at the most relevant range for GZK
neutrinos (1 EeV).

Competitive limits on UHE flux.

Updated limits will be presented at the ICRC2011 (including
limits to point-like sources of UHE neutrinos)

48 / 51
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 From the spectral fits, the flavour mix, and the proximity to the WB 
bound, the data on the face of it seems to be astrophysical neutrinos 
originating in the same sources as UHE CR.
 The 3 unexpected features are the gap between 250 TeV and 1 PeV, 
and the lack of events beyond a PeV, and the saturation of the bound.

What are some of the other possible explanations being proposed?

The 2 PeV events are a line signature from dark matter decay/
annihilation (Feldstein et al, 1303.7320.) This also yields a continuum signal at 
lower energies, but this is model dependant, and usually below 
atmospheric. 
Similar idea proposed by Esmaili et al, 1308.1105, but they have fit spectrum 
at < PeV
s channel enhancement of nu-quark scattering due to 0.6 TeV 
leptoquark (Barger and Keung, 1305.6907)

Monday 24 March 2014



 IceCube results.....

No events above atmospheric background seen !

WHY?

We do not know the answer, but we do have some directions in 
which to look. It is quite possible that when we find the answer, we 
will learn something new and important.

(this has changed recently.....(more later))
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We know that the production of CR via p-p and p-gamma interactions is 
linked to that of neutrinos. Thus the flux of UHE neutrinos is bounded 
by the observed CR flux. This leads to the WB upper bound

 An important constraint on neutrino fluxes: The Waxman 
Bahcall bound 

Waxman-Bahcall bound (cont’d)
�̇[10

10,1012]
CR ∼ 5× 1044 TeVMpc−3 yr−1 � 3× 1037 ergMpc−3 s−1

Energy-dependent generation rate of CRs is therefore 

E2 dṅ

dE
=

�̇[10
10,1012]

CR

ln(1012/1010)

≈ 1044 ergMpc−3yr−1

Energy density of neutrinos ! E2
ν
dnν

dEν
≈ 3

8
�π T E2 dṅ

dE

ξz ∼ 3

E2
ν Φνall

WB ≈ (3/8) ξz �π T
c

4π
E2 dṅ

dE
≈ 2.3× 10−8 �π ξz GeV cm−2 s−1 sr−1

``Waxman-Bahcall bound'' is defined by condition 

accounts for effects of source evolution with redshift
Waxman & Bahcall, Phys. Rev. D 59 (1999) 023002 

�π = 1

45Tuesday, June 21, 2011
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TABLE V. Likelihood fit results and associated errors reported by the fit. Errors are quoted as 1σ unless otherwise noted. The
allowed range of the nuisance parameters are also given as 1σ Gaussian constraints.

Parameter Best Fit Error Constrained Range

Na 0 8.9× 10−9 GeV
cm2 s sr

(90% U.L.) N/A

1 + αp 0 0.73 (90% U.L.) N/A

1 + αc 0.96 ±0.096 ±0.25

∆γ −0.032 ±0.014 ±0.03

� +2% ±8.3% ±8.3%

be(λ = 405nm) Nominal ±10% ±10%

a(λ = 405nm) Nominal ±10% ±10%
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FIG. 10. Upper limits on an astrophysical νµ flux with an E−2 spectrum are shown along with theoretical model predictions of
diffuse astrophysical muon neutrinos from different sources. The astrophysical E−2 νµ upper limits shown are from AMANDA-
II [40], ANTARES [41], and the current work. The atmospheric νµ measurements shown are from AMANDA-II [42, 43], the
IceCube 40-string unfolding measurement [44] and the current work.

B. Measurement of the Atmospheric Neutrino
Spectrum

There was no evidence for astrophysical neutrinos in
the final event sample, and therefore the final neutrino
distribution was interpreted as a flux of atmospheric

muon neutrinos. The profile construction method was
used to measure the atmospheric neutrino flux in order
to determine the normalization and any change in shape
from the reference atmospheric neutrino flux model con-
sidered. The best fit result of the atmospheric neutrino

 Present IceCube bounds.....
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Neutrino Cross-sections at the Glashow 
Resonance

RG, Quigg, Reno and 
Sarcevic

The cross-sections 

BRIEF ARTICLE

THE AUTHOR

ν̄ee →hadrons , ν̄ee → ν̄ee , ν̄ee → ν̄µµ , ν̄ee → ν̄ττ

1

are resonant

Te
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TABLE V. Likelihood fit results and associated errors reported by the fit. Errors are quoted as 1σ unless otherwise noted. The
allowed range of the nuisance parameters are also given as 1σ Gaussian constraints.

Parameter Best Fit Error Constrained Range

Na 0 8.9× 10−9 GeV
cm2 s sr

(90% U.L.) N/A

1 + αp 0 0.73 (90% U.L.) N/A

1 + αc 0.96 ±0.096 ±0.25

∆γ −0.032 ±0.014 ±0.03

� +2% ±8.3% ±8.3%

be(λ = 405nm) Nominal ±10% ±10%

a(λ = 405nm) Nominal ±10% ±10%
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FIG. 10. Upper limits on an astrophysical νµ flux with an E−2 spectrum are shown along with theoretical model predictions of
diffuse astrophysical muon neutrinos from different sources. The astrophysical E−2 νµ upper limits shown are from AMANDA-
II [40], ANTARES [41], and the current work. The atmospheric νµ measurements shown are from AMANDA-II [42, 43], the
IceCube 40-string unfolding measurement [44] and the current work.

B. Measurement of the Atmospheric Neutrino
Spectrum

There was no evidence for astrophysical neutrinos in
the final event sample, and therefore the final neutrino
distribution was interpreted as a flux of atmospheric

muon neutrinos. The profile construction method was
used to measure the atmospheric neutrino flux in order
to determine the normalization and any change in shape
from the reference atmospheric neutrino flux model con-
sidered. The best fit result of the atmospheric neutrino

The Glashow Resonance....why it could be important

The region where an extra-galactic UHE flux emerges 
above the atmospheric background but stays below 

current IC bounds is in the neighbourhood of the GR

Icecube 
arXiv:1104.5187
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We note that, at the GR........ 

BRIEF ARTICLE

THE AUTHOR

ν̄ee→anything
νµ+N→µ+anything ≈ 360

1

BRIEF ARTICLE

THE AUTHOR

ν̄ee→hadrons
νµ+N→µ+anything ≈ 240

1

BRIEF ARTICLE

THE AUTHOR

ν̄ee→ν̄µµ
νµ+N→µ+anything ≈ 40

1

standard CC process total 

pure muon track,  unique if contained 
initial vertex

background to pure muon with contained 
initial vertex

BRIEF ARTICLE

THE AUTHOR

ν̄e+e→ν̄µ+µ
νµ+e→µ+νe

≈ 1000

1

pure tau track,  unique if contained 
lollipop

(Bhattacharya, RG, Rodejohann and Watanabe 2011) 
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THE AUTHOR

x (Conventionalshower) GR Total
0.0 0.21 0.65 0.86
0.5 0.4 2.1 2.5
1.0 0.5 3.6 4.1

1

Add conventional shower, resonant shower, pure muon and 
contained vertex lollipop to compute total signal

  20, 12 and 4 events in Icecube in 5 years required to see 
signal from resonance depending on the relative abundance 

of p-gamma and p-p sources.

Results........

(Bhattacharya, RG, Rodejohann and Watanabe 2011) 
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Possible reasons for  no signals so far........

 It is quite possible that the nature of astrophysical sources 
accelerating  UHECRs is quite different from what we have 
envisaged and modeled. 

If UHECR are composed of heavy nuclei, this could reduce the UHE 
neutrino flux. There is incomplete evidence to support this.
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11Tuesday, June 21, 2011
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Simple Decay Scenario with Inverted Hierarchy,
changes in WB bound.......

Effects (events, ratios etc ) depend on hierarchy

Bhattacharya, RG,
Watanabe, 2010

Stand-alone physics: The Mass 
Hierarchy...

The mass hierarchy of neutrinos is a crucial unknown, 
knowledge of which will dictate a preferred class of theories 

beyond the Standard Model.
Extant and previous detectors have lacked the necessary 

sensitivity to matter effects required for its determination.

Wednesday 22 December 2010
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Simple Decay Scenario with Normal Hierarchy,
changes in WB bound.......

Depletion of nu_mu and nu_e fluxes with subsequent rise

Bhattacharya, RG,
Watanabe, 2010
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Changes in the WB bound for mu and tau flavours due to Lorentz 
Violation........

Total disappearance of tau neutrinos above a certain energy.

Bhattacharya, RG,
Watanabe, 2010
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CC/NC interactions in the detector 

MC 

2 events / 672.7 days - background (atm.  + conventional atm. ) expectation 0.14 events  
preliminary p-value: 0.0094 (2.36

A. Ishihara, Neutrino 2012 Icecube talk

The latest from ICECUBE......an observation of 2 events!
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the origin  of these two events is at present 
not clear, and is  currently under study
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CONCLUSIONS

The study and detection of UHE neutrinos opens important frontiers 
in energy and detection techniques.

The detection of UHEnus would confirm that our basic understanding  
of Nature’s most powerful accelerators is correct.

Similarly, not detecting anything (soon!) may require radical revision of 
current ideas about UHECR origin and acceleration

On the other hand, it could also be due to effects during propagation, 
due to fundamental effects originating in particle physics rather than 
astrophysics.

Intriguing new signal announced a few weeks ago has added to the 
mystery.....
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NuSky 20-June-2011 Tom Gaisser 12

High-energy events in IceCube-40

~100 TeV induced muon

~ EeV air shower
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NuSky 20-June-2011 Tom Gaisser 15

Detecting neutrinos
Rate = Neutrino flux
x Absorption in Earth
x Neutrino cross section
x Size of detector
x Range of muon (for )

Range favors 
~4 to 15 km.w.e. for

E ~ 10 to 1000 TeV Probability to detect -induced 

For threshold
E > 1 TeV

Summary
Pushing below Waxman-Bahcall
100 TeV 10 PeV range d isfavors proton 
dominance in 1 100 PeV range
Expect significant improvements in 
IceCube sensitivity to astrophysical :

IC59 + IC79 in analysis; IC86 running
Better analysis 

Use more realistic atmospheric neutrino spectrum
Use angular dependence
Better understanding of systematics

NuSky 20-June-2011 Tom Gaisser 26
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Doug Cowen NuSky June 2011

Historically, two main branches of the neutrino detector family tree:

• Relatively small (<<MTon), high precision experiments

• Very large (~GTon), low precision experiments

The Neutrino Detector Spectrum

MINOS

AMANDA IceCube

10 TeV 1 EeV1 TeV100 GeV10 GeV

SNO Super-K

1 GeV100 MeV

Atmospheric/Astrophysical

Accelerator

10 MeV

NOνA

K2K,
T2K

ANITA,         
RICE, Auger, 
ARIANNA,...DeepCore

OPERA

LBNE

Energy ↔ Volume

PINGU-II

3
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Doug Cowen NuSky June 2011

IceCube Status: Fully Constructed!

Digital Optical 
Module (DOM)

4
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 An important constraint on neutrino fluxes: The Waxman 
Bahcall bound 

We know from observations that the flux above the ankle is one 3 x 
10^19 eV particle per year per km^2 per sr 

Waxman-Bahcall bound
CR flux above ankle often summarized as                      
``one                  particle per km square per yr per sr''3× 1010 GeV

 translated into energy flux

E {EJCR} =
3× 1010 GeV

(1010 cm2)(3× 107 s) sr

= 10−7 GeV cm−2 s−1 sr−1

Derive energy density in UHECRs using flux = velocity × density

taking! andEmin � 1010 GeV Emax = 1012 GeV

�CR =
4π

c

� Emax

Emin

10−7

E
dE

GeV

cm2 s
� 10−19 TeV cm−3

Power required to generate this energy density over!Hubble time 

T ≈ 1010 yr

4π

�
dE {EJCR} = c�CR

44Tuesday, June 21, 2011

Converting this to energy/volume

Waxman-Bahcall bound
CR flux above ankle often summarized as                      
``one                  particle per km square per yr per sr''3× 1010 GeV

 translated into energy flux

E {EJCR} =
3× 1010 GeV

(1010 cm2)(3× 107 s) sr

= 10−7 GeV cm−2 s−1 sr−1

Derive energy density in UHECRs using flux = velocity × density

taking! andEmin � 1010 GeV Emax = 1012 GeV

�CR =
4π

c

� Emax

Emin

10−7

E
dE

GeV

cm2 s
� 10−19 TeV cm−3

Power required to generate this energy density over!Hubble time 

T ≈ 1010 yr

4π

�
dE {EJCR} = c�CR

44Tuesday, June 21, 2011

Assume this energy injection occurs over a Hubble time, 10^10 yr, 
calculate power injection by CR
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Suppression of energy spectrum

[Phys. Lett. B 685 (2010) 239] 

First hint of suppression           ! reported 9 years ago           

[Bachall & Waxman, Phys. Lett B556 (2003) 1] 

3.5σ − 8σ

[Phys. Rev. Lett. 100 (2008) 101101] HiRes Collaboration ! 5.3σ

Pierre Auger Collaboration ! 20σ

(depending on experiment normalization)
!

!

!

4Tuesday, June 21, 2011
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NuSky 20-June-2011 Tom Gaisser 3

Cosmic-ray 
connection - I

Galactic SNR can 
accelerate particles into 
nearby molecular clouds
Extra-galactic jets (in 
AGN or GRB) may share 
power between c.r. & 
Expect a few TeV / yr in 
a gigaton detector in 
hadronic scenarios
Sets km 3 scale for HE 
neutrino astronomy

!"#"$%&$

'(%)"*!"#"$%&$
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CR EAS Detector Identification ID efficiency Results

Cosmic rays

CM energy

Elab[eV] ECM[TeV] Exp

10
14

0.8 SPS

10
15

2 Tevatr.

10
16

7 LHC

10
17

14 LHC?

2 / 51
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CR EAS Detector Identification ID efficiency Results

Atmospheric showers initiated by neutrinos

10 / 51
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Inferring the Spectral Shape of Diffuse UHE fluxes . . .

In the standard scenario, neutrinos from pion decay have the
flavour content !e : !µ : !! = 1 : 2 : 0. With
Losc = 4"E!

!m2 ! 2.5 " 10!24 E
1eV Mpc, oscillations over

cosmological length scales average out and give a flavour
content at Earth !e : !µ : !! = 1 : 1 : 1

These standard ratios can be altered by physics beyond the
Standard Model (Beacom, Bell, Hooper, Pakvasa and Weiler)

Our study adopts a complementary approach, by studying the
spectral distortions in fluxes, which can be represented by
distortions of the well-known MPR and WB bounds.

High Energy Neutrinos . . . Mar 31, 2010 PRL, Ahmedabad R. Gandhi – p. 18/33
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Diffuse Fluxes . . .Decay...

!/m = 0.1 sec/eV, Inverted Hierarchy, Optically Thick Sources

Shower Events undetectably below Muon events for energy< 107 GeV and rising between
107 ! 108 GeV, become equal thereafter. Spectral shapes distinguishably altered

Sensitivity in the range 103 " !/m " 10!3 sec/eV

High Energy Neutrinos . . . Mar 31, 2010 PRL, Ahmedabad R. Gandhi – p. 24/33
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Lorentz Violation induced Flux changes . . ...

! events completely suppressed, Optically Thick Sources

AUGER, ICECUBE would record deficit of double-bang, lolipop and earth-skimming events

High Energy Neutrinos . . . Mar 31, 2010 PRL, Ahmedabad R. Gandhi – p. 28/33
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Waxman-Bahcall bound
CR flux above ankle often summarized as                      
``one                  particle per km square per yr per sr''3× 1010 GeV

 translated into energy flux

E {EJCR} =
3× 1010 GeV

(1010 cm2)(3× 107 s) sr

= 10−7 GeV cm−2 s−1 sr−1

Derive energy density in UHECRs using flux = velocity × density

taking! andEmin � 1010 GeV Emax = 1012 GeV

�CR =
4π

c

� Emax

Emin

10−7

E
dE

GeV

cm2 s
� 10−19 TeV cm−3

Power required to generate this energy density over!Hubble time 

T ≈ 1010 yr

4π

�
dE {EJCR} = c�CR

44Tuesday, June 21, 2011
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Waxman-Bahcall bound (cont’d)
�̇[10

10,1012]
CR ∼ 5× 1044 TeVMpc−3 yr−1 � 3× 1037 ergMpc−3 s−1

Energy-dependent generation rate of CRs is therefore 

E2 dṅ

dE
=

�̇[10
10,1012]

CR

ln(1012/1010)

≈ 1044 ergMpc−3yr−1

Energy density of neutrinos ! E2
ν
dnν

dEν
≈ 3

8
�π T E2 dṅ

dE

ξz ∼ 3

E2
ν Φνall

WB ≈ (3/8) ξz �π T
c

4π
E2 dṅ

dE
≈ 2.3× 10−8 �π ξz GeV cm−2 s−1 sr−1

``Waxman-Bahcall bound'' is defined by condition 

accounts for effects of source evolution with redshift
Waxman & Bahcall, Phys. Rev. D 59 (1999) 023002 

�π = 1

45Tuesday, June 21, 2011
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CR EAS Detector Identification ID efficiency Results

Pierre Auger Observatory

hybrid detector.
Surface Detector (SD): ∼1600 stations over 3000 km2.
Fluorescence Detector (FD): 4 eyes, 24 telescopes.

construction completed in June 2008.

18 / 51

 Pierre Auger Detector
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 The Glashow Resonance (GR) refers to the Standard Model 
process which results in the resonant formation of an 

intermediate                          at E_nu = 6.3 PeV.  

• The final states could be to leptons or hadrons, giving both 
showers and muon or tau lepton tracks in UHE detectors.

• While usually dwarfed by the neutrino-nucleon cross-
section, the anti-neutrino-electron cross-section at the GR  
is higher than the neutrino-nucleon cross-section at all 
energies upto 10^21 eV.

BRIEF ARTICLE

THE AUTHOR

W− in ν̄ee

1

The Glashow Resonance....

Glashow ’60,  Berezinsky and Gazizov, ’77
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Due to these reasons, it could be useful to look carefully at  
this small but important region.

Additionally,  it could be useful to identify events with 
unique signatures and low backgrounds in its 

neighbourhood.

The Glashow Resonance....

Could it be used as a tool to see X-galactic diffuse 
neutrino signals?
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BRIEF ARTICLE

THE AUTHOR

W− in ν̄ee

(1)
dσ(ν̄ee → ν̄µµ)

dy
=

G2
FmEν

2π

4(1− y)2[1− (µ2 −m2)/2mEν ]2

(1− 2mEν/M2
W )2 + Γ2

W /M2
W

,

and

(2)
dσ(ν̄ee → hadrons)

dy
=

dσ(ν̄ee → ν̄µµ)

dy
· Γ(W → hadrons)

Γ(W → µν̄µ)
,

1

GR Xsecs.....

Lab frame,  m= electron mass,  y= E_mu/E_nu
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BRIEF ARTICLE

THE AUTHOR

Table 1. default

Reaction σ [cm2]
νµe → νµe 5.86× 10−36

ν̄µe → ν̄µe 5.16× 10−36

νµe → µνe 5.42× 10−35

νee → νee 3.10× 10−35

ν̄ee → ν̄ee 5.38× 10−32

ν̄ee → ν̄µµ 5.38× 10−32

ν̄ee → ν̄ττ 5.38× 10−32

ν̄ee → hadrons 3.41× 10−31

ν̄ee → anything 5.02× 10−31

νµN → µ− + anything 1.43× 10−33

νµN → νµ + anything 6.04× 10−34

ν̄µN → µ+ + anything 1.41× 10−33

ν̄µN → ν̄µ + anything 5.98× 10−34

1

The Glashow Resonance........Relevant 
Cross-sections

RG, Quigg, Reno and 
Sarcevic ’95
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Detecting the GR...........
• Earlier studies have  focussed on its detection via 

shower events and on how the GR can be used as a 
discriminator of the relative abundance of pp vs p-
gamma sources

Learned and Pakvasa ‘95, Anchordoqui, Goldberg,Halzen and Weiler ‘05, Bhattacharjee and Gupta ‘05, 
Maltoni and Winter ‘08, Hummer, Maltoni, Winter and Yaguna ‘10, Xing and Zhou ’11

We study here  its potential as a discovery channel for 
UHE neutrinos, using both showers and lepton tracks

Monday 24 March 2014



•   Standard oscillations with tribimaximal 
mixing give

The Generalized UHE Neutrino Flux............

Parametrize the flux at source as 

BRIEF ARTICLE

THE AUTHOR

Φsource = xΦpp
source + (1− x)Φpγ

source.(1)

Φpp
earth ∝




1
1
1





� �� �
ν

+




1
1
1





� �� �
ν̄

,(2)

Φpγ
earth ∝




0.78
0.61
0.61





� �� �
ν

+




0.22
0.39
0.39





� �� �
ν̄

.(3)

1

BRIEF ARTICLE

THE AUTHOR

Φsource = xΦpp
source + (1− x)Φpγ

source.(1)

Φpp
earth ∝




1
1
1





� �� �
ν

+




1
1
1





� �� �
ν̄

,(2)

Φpγ
earth ∝




0.78
0.61
0.61





� �� �
ν

+




0.22
0.39
0.39





� �� �
ν̄

.(3)

1
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for p! case. Here the first, second, and third entries correspond to the e, µ, and " flavor

respectively. We parameterize the proportion of pp to p! at the source by the parameter

x (0 ! x ! 1) as

!source = x!pp
source + (1" x)!p!

source. (2.5)

This source flux !source will be changed during the propagation from the source to the

earth.

2.1 Tri-bimaximal mixing case

By using the tribimaximal mixing as a representative of the leptonic mixing and assum-

ing the averaged neutrino oscillation as usual, the pp and p! component at the earth

are given by

!pp
earth #

!

"
1
1
1

#

$

% &' (
"

+

!

"
1
1
1

#

$

% &' (
"̄

, (2.6)

!p!
earth #

!

"
0.78
0.61
0.61

#

$

% &' (
"

+

!

"
0.22
0.39
0.39

#

$

% &' (
"̄

. (2.7)

Keeping in mind that the flux (2.1) gives the overall normalization, one finds the flux

for each neutrino species is given by

!"e = 6$ 10!8

)
x
1

6
· 0.6 + (1" x)

0.78

3
· 0.25

*
1

E2
"

, (2.8)

!"µ = 6$ 10!8

)
x
1

6
· 0.6 + (1" x)

0.61

3
· 0.25

*
1

E2
"

= !"! , (2.9)

!"̄e = 6$ 10!8

)
x
1

6
· 0.6 + (1" x)

0.22

3
· 0.25

*
1

E2
"

, (2.10)

!"̄µ = 6$ 10!8

)
x
1

6
· 0.6 + (1" x)

0.39

3
· 0.25

*
1

E2
"

= !"̄! . (2.11)

Fig. 1, 2, and 3 show the flux for each neutrino species for x = 0, x = 0.5, and x = 1.0

respectively. As the dominant process shifts from p! to pp, the fluxes approach the same

value (1/6 of the Waxman–Bahcall flux) and #̄e component becomes sizable.

3

Generalized source fluxes...........

1 Introduction

In this note, we study the Glashow resonance (GR) e!ect on the shower events in the

high energy astrophysical neutrino observatory such as IceCube. In particular, we would

like to focus on the following issues on the GR events.

• The hight of the peak against the background carries information on the flavor

composition at the detector. We want to evaluate the feasibility of the GR shower

events as a diagnostic tool for the flavor ratio of the high-energy astrophysical

neutrino.

• However, the anti-neutrino fraction, which is important to have a sizable GR event

rate, depends crucially on the pion production process at the source. In Ref. [1],

it is pointed out that the peak will be observed with pp source, while it will not be

observed with p! source. It must be worthwhile to follow their analysis carefully,

and make it more precise, as their analysis looks rough, staying at the level of

“order estimation”.

2 Neutrino flux in the standard physics

Following [1], we use the Waxman–Bahcall flux as the expected total (the sum of all

species) neutrino flux at the source

E2
!"!+!̄ = 2! 10!8""#z (GeV cm!2 s!1 sr!1 ), (2.1)

where #z represents the source evolution and "" is the ratio of pion energy to the emerging

nucleon energy at the source. We set #z = 3 and

"" =

!
0.6 for pp
0.25 for p!

(2.2)

in the following discussion.

The flavor composition at the source is given by

"pp
source "

"

#
1
2
0

$

%

& '( )
!

+

"

#
1
2
0

$

%

& '( )
!̄

(2.3)

for the pp case and

"p#
source "

"

#
1
1
0

$

%

& '( )
!

+

"

#
0
1
0

$

%

& '( )
!̄

(2.4)

2

Using the IC Apr 2011 bound as a benchmark 
flux, we have, for the sum of all species,

with 
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6.3 6.5 6.7 6.9 7.1 7.3
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1! 10"8

5! 10"8
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"
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E #2
$
%
!GeV

cm
"
1 s
"
1 s
r"
1 #

x&1.0

#e,#e,#',#',#(,#(

Fluxes hierarchical 
for p-gamma, 

democratic for pp 
sources

Mu and tau fluxes 
always equal for 

both neutrinos and 
anti-neutrinos 

irrespective of x
for tribimaximal 

mixing
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Resonant Events....

Shower events in the neighbourhood of 
the GR... 

BRIEF ARTICLE

THE AUTHOR

• ν̄ee → hadrons
• ν̄ee → ν̄ee
• ν̄ee → ν̄ττ

• νeN + ν̄eN (CC)
• ντN + ν̄τN (CC)
• ναN + ν̄αN (NC)

1

Non-Resonant Events....

BRIEF ARTICLE

THE AUTHOR

• ν̄ee → hadrons
• ν̄ee → ν̄ee
• ν̄ee → ν̄ττ

• νeN + ν̄eN (CC)
• ντN + ν̄τN (CC)
• ναN + ν̄αN (NC)

1
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Shower  and GR events for pp sources.....
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Shower and GR events for p-
gamma sources.....
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Pure Lepton Tracks at the GR..............

!

!

!

!
!

!
!

!
!

!
!

!

"

"

"

"

"

"

"

#

#

0.0 0.2 0.4 0.6 0.8 1.0
2

3

4

5

6

7

x

S!
B

# N ! 1.0 "yr"1#

" 1.0 "yr"1#! N ! 2.0 "yr"1#

! N # 2.0 "yr"1#

Figure 13: The signal/background ratio as a function of the parameter x.

where N and N(!̄ee ! hadrons) stand for the total number of events at the resonant

energy bin (6.7 < log10(Eshower/GeV) < 6.9) and the events induced by the process

!̄ee ! hadrons. Fig. 13 shows S/B as a function of x.

5 Other signals of Glashow resonance

Besides the shower event induced by !̄ee ! hadrons, there are two kinds of the processes

which are feasible to see the Glashow resonance;

• !̄ee ! !̄µµ

• !̄ee ! !̄!"

Let us study these processes in turn.

5.1 The pure muon creation

If the resonant process !̄ee ! !̄µµ takes place in the detector volume, it will be observed

as a muon track without shower activities at its starting point. That may be clearly

separated from the usual muon track from the !µN charged current. The non-resonant

process !µe ! µ!e also creates such a “pure muon”, so this process must be regarded as

a background against the signal. Both processes are calculated as !̄ee ! !̄ee (See page

11) by replacing the cross section and the flux with the proper ones, and by replacing

13

In addition to showers, the following 
processes are resonant and also have 

distinctive signatures

pure muon track with contained 
vertex and nothing else

lollipop with contained vertex

Add them to signal calculation for GR
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Pure muons at the GR...............

Pileup of muons in bins below GR energy , dictated by 
rapidity distribution............

Monday 24 March 2014



Figure 17: The event spectrum of “contained lollipop” for x = 1.

and A is the e!ective area of the detector, L1!L0 = L is the length of the detector, x0 is

the neutrino interaction point, xmin is the minimum length to separate the ! decay point

from the ! creation point. See Appendix B for details. We take A = 1km2, L = 1km

and xmin = 100m hereafter†. By performing the integration over x0 and x, the event

rate is given by

Events (yr!1) =
10

18
NAA

!" E1

E0

dE!

" 1

E0
E!

dy +

" "

E1

dE!

" E1
E!

E0
E!

dy

#
d"(#̄ee " #̄"!)

dy
"!̄e(E!)

#
$
(L! xmin !R" )e

!xmin
R" + R"e

! L
R"

%
# 3.2# 107 # 2$. (5.2)

A background for this signal is the non-resonant process #"e " !#e.

Fig. 17 and 18 shows the event spectrum for x = 1 and x = 0 respectively. The signal

overcomes the background, though the absolute number of event is small. Following the

pure µ, we define the total number of the pure ! event as

N(#̄ee " #̄"!) $ Total number of events per year in 6.0 < log10(E"/GeV) < 6.75.

5.3 Shower + pure µ + pure !

Let us define the total signal of the Glashow resonance as

N(Shower + µ+ !) $ N(#̄ee " hadrons) +N(#̄ee " #̄µµ) +N(#̄ee " #̄"!), (5.3)
†I am not sure what value of xmin should be taken here. It must be less than 100m since it must

be easier to separate the ! -decay bang from the ! creation point than to separate the two bangs in the
usual double bang. Here I take xmin = 100m as a conservative reference.

16

Contained Lollipops at the GR.............

Once tau decay is put in, number of events is 
small, but have a distinctive topology and negligible 

background.
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signal
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S/B rises from 3 at x=0 to 7 at x=1

Signal (GR) to Background (non-resonant) 
comparison...........
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Due to its sensitivity to electron-antineutrinos, can the 
GR can provide a testing ground for some scenarios of 
BSM physics

The  GR and Physics beyond the SM

Consider  neutrino decay with normal hierarchy,  where 
nu_3 and nu_2 are unstable and decay to nu_1    

6 E!ects of new physics

6.1 Neutrino decay

The case where !2 and !3 are unstable (scenario I) Let us first consider the case

where !3 and !2 are unstable and decay into !1, for example !3 ! !1" and !2 ! !1"

channels are open. Suppose that the neutrinos are produced by the W µ!i#µl! vertex

(e.g., pion or muon decay). Then the neutrino (in mass eigenstate) spectrum is given

by

F !
"i = |U!i|2AE!2, (6.1)

where U!i is the PMNS matrix elements, A is a normalization constant and E is the

neutrino energy. Here we have assumed that the initial spectrum of the parent particles

are given by E!2
parents.

The !2,3 mass eigenstate decay on the way to the earth. If the decay is complete

and the appearance of the daughter can be neglected, only i = 1 component survives, so

that the fluxes are given by F !
"1 = |U!1|2AE!2, and F !

"2 = F !
"3 = 0. The lightest mass

eigenstate !1 is detected by the charged currents accompanied by the charged leptons

l#, which vertices are weighted by U#1. Thus the amplitudes of the detection processes

must involve the factors |U#1|2 and finally we have

F !
"! = |U#1|2|U!1|2AE!2 (6.2)

as the “spectrum of the flavor eigenstate” e!ectively. The label $ specifies the initial

configuration. For the pp source for example, both ! and !̄ are weighted by "! = (1, 2, 0)

and it gives

F"! =
!

!

"! |U#1|2|U!1|2AE!2. (6.3)

This is one of the most simple, but important flux formula in decaying neutrinos

(See Eq. (3) in [8]). The e/µ flavor ratio deviates from 1 significantly; F"e/F"µ =

|Ue1|2/|Uµ1|2 " 4.

Let us formulate the decaying neutrino fluxes more precisely. The !i fluxes (6.1) is
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Then, a neutrino produced say, via a        
vertex has a spectral flux 
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Detection occurs via production of a 
charged lepton of flavour alpha, leading to 
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In the decay scenario under consideration,  the 
full flavour spectrum for a given species is 
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where 
for pp sources, for instance

Thus
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which is significantly different from the expected value 
of  1 independent of 
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For the generalized flux for decay,one may writeA Explicite formulas for the complete decay
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In the case where the neutrino masses are not hierarchical and the daughter carries more

or less full energy of the parent, the coe!cients 1/2 in (A.8) are replaced with 1 [8].

The flavor ratios are free from the branching ratios B3"1 and B2"1.
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The generalized fluxes for other flavours of nu and 
antinu are then  related to the electron flavour by 
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We note that the flavour ratios are independent of both x 
and decay branching ratios B
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Figure 23: The neutrino fluxes for the decay scenario I, where x = 0 and sin !13 = 0.
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Figure 24: The neutrino fluxes for the decay scenario I, where x = 0 and sin !13 = 0.2.
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Figure 23: The neutrino fluxes for the decay scenario I, where x = 0 and sin !13 = 0.
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Figure 24: The neutrino fluxes for the decay scenario I, where x = 0 and sin !13 = 0.2.
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Figure 21: The neutrino fluxes for the decay scenario I, where x = 1 and sin !13 = 0.
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Figure 22: The neutrino fluxes for the decay scenario I, where x = 1 and sin !13 = 0.2.
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Figure 21: The neutrino fluxes for the decay scenario I, where x = 1 and sin !13 = 0.
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Figure 22: The neutrino fluxes for the decay scenario I, where x = 1 and sin !13 = 0.2.
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NH Decay Event Rates in the GR neighbourhood

Figure 27: The event spectrum for the decay scenario I with x = 0 and sin !13 = 0.

Figure 28: The event spectrum for the decay scenario I with x = 0 and sin !13 = 0.2.
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Figure 27: The event spectrum for the decay scenario I with x = 0 and sin !13 = 0.

Figure 28: The event spectrum for the decay scenario I with x = 0 and sin !13 = 0.2.
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NH Decay Event Rates in the GR neighbourhood

Figure 25: The event spectrum for the decay scenario I with x = 1 and sin !13 = 0.

Figure 26: The event spectrum for the decay scenario I with x = 1 and sin !13 = 0.2.
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Figure 25: The event spectrum for the decay scenario I with x = 1 and sin !13 = 0.

Figure 26: The event spectrum for the decay scenario I with x = 1 and sin !13 = 0.2.
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Figure 29: The signal/background ratio as a function of the parameter x within the
decay scenario I (upper curve) and in the standard case (lower curve).
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Figure 30: The plot of R as a function of the parameter x within the decay scenario I
(upper curve) and in the standard case (lower curve).
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S/B ratio for the decay scenario.........

Decay S/B depends on x but not on Branching ratios
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(Not Seeing) UHE Neutrino Fluxes and 
Physics beyond the SM............

Our predictions of UHE fluxes at Earth depend, among other 
things, on oscillation probabilities based on SM physics.

Non-standard physics which affects the oscillation 
probabilities at propagation distances and energies relevant 
to UHE neutrinos will alter the fluxes we expect to observe. 

This will alter the flavour ratios and event rates, 
sometimes very significantly.

The  WB bound for each flavour can be used to study such 
changes
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5

FIG. 1: The even-ing out of possible spectral distortions present at source due to standard oscillations over large distances
as seen for hypothetical spectra of two flavours νµ (deep-red) and νe (green) from an AGN source at a redshift z = 2. I(E)
represents the flux spectrum for the two flavours.

B. Effect of neutrino decay on the flavour fluxes

A flux of neutrinos of mass mi, rest-frame lifetime τi,
energy E propagating over a distance L will undergo a

depletion due to decay given (in natural units with c = 1)

by a factor of

exp(−t/γτ) = exp

�
−L

E
× mi

τi

�

where t is the time in the earth’s (or observer’s) frame

and γ = E/mi is the Lorentz boost factor. This enters

the oscillation probability and introduces a dependence

on the lifetime and the energy that significantly alters the

flavour spectrum. Including the decay factor, the proba-

bility of a neutrino flavour να oscillating into another νβ
becomes

Pαβ(E) =

�

i

|Uβi|2|Uαi|2e−L/τi(E), α �= β, (10)

which modifies the flux at detector from a single source

to

φνα(E) =

�

iβ

φsource
νβ

(E)|Uβi|2|Uαi|2e−L/τi(E). (11)

We use the simplifying assumption τ2/m2 = τ3/m3 =

τ/m for calculations involving the normal hierarchy (i.e.
m2

3 −m2
1 = ∆m2

31 > 0) and similarly, τ1/m1 = τ2/m2 =

τ/m for those with inverted hierarchy (i.e. ∆m2
31 < 0),

but our conclusions hold irrespective of this. The total

flux decreases as per Eq. (11), which is expected for de-

cays along the lines of Eq. (9) and, within the limitations

of the assumption made in Sec. IVA, also for Eq. (8).

The assumption of complete decay leads to (energy

independent) flux changes from the expected νde : νdµ :

νdτ = 1 : 1 : 1 to significantly altered values depending

on whether the neutrino mass hierarchy is normal or in-

verted as discussed in [45]. From Fig. 2 we note that

the range of energies covered by UHE AGN fluxes spans

about six to seven orders of magnitude, from about 10
3

Spectra at source versus spectra at Earth..............

Oscillations wash out spectral differences at 
source
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Conclusions....
Icecube limits on X-Galactic UHE neutrinos have grown 
progressively more stringent and have made neutrino 

astronomy a game of very small numbers.

The Glashow resonance is a small but potentially 
important region which should be explored as a discovery 

tool for these fluxes. It seems positioned in the right 
energy regime given the present situation.

While the  quest to understand the nature of 
astrophysical sources  via neutrino detection is the 
paramount goal, it should be kept in mind that non-

standard physics during propagation may affect event 
ratios and flavour ratios non-trivially even though 

sources may be “standard”.
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