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   Information on type of source from the track/shower 
event discrimination……..

 Pion-decay: 
 
Muon-damped: 

Neutron-decay: 
 

Lars Mohrmann  ─  lars.mohrmann@desy.de  ─  August 4, 2015

Signal Hypotheses

> Energy spectrum

 Benchmark model: Fermi acceleration at shock fronts
→ 

 Actual spectrum depends on source class

 Hypothesis A:

 Hypothesis B:

> Flavor composition

 Pion-decay:

 Muon-damped:

 Neutron-decay:

 Fit: allow any composition

Image credit: NASA, ESA, and Zolt Levay (STScl)

7Pion/muon decay sources  and muon damped sources 
are compatible at present, neutron decay sources are  

not.



Beyond Waxman-Bahcall?: MESE “Excess” Problem

• pp → ~100% of IGRB even w. s~2.0
• minimal pg → >50% of IGRB (via EM cascades)

• Best-fit spectral indices tend to be as soft as s~2.5
• 10-100 TeV data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1
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If g-ray transparent
strong tensions w. Fermi 
for both pp & pg

For both pp and p𝛾 sources, the observed neutrino flux in IC in the 30-100 TeV region 
exhibits strong tension with Fermi gamma ray (IRGB) data. 

This implies either “dark” or opaque sources, or new physics. 

 (Talk by Aritra Gupta today in WG3 +WG5 session)

For any source, 
the same processes 
that produce 
charged pions 
which decay to give 
you the UHE 
neutrino flux also 
produce neutral 
pions which decay 
to HE photons. 

This leads to a 
natural co-relation  

between the 𝜈 and 
the 𝛾 fluxes. 

 (Murase,Guetta , Ahlers 
1509.00805)



 Tension with Fermi IRGB data………

 (Murase,Guetta , Ahlers 
1509.00805)

γ rays above TeV energies initiate electromagnetic cascades in the extra- 
galactic background light (EBL) and cosmic microwave background (CMB) as they 
propagate over cosmic distances. As a result, high-energy γ rays are 
regenerated at sub-TeV energies, and should have been seen by Fermi. 

Thus , assume and study sources are such that two-photon annihilation, inverse-
Compton scattering, and synchrotron radiation processes in them can prevent 
direct γ- ray escape —“dark sources” 

Possible with p𝛾, but strong tension in case of pp sources persists. 

Conclude that dark p𝛾 sources could alleviate this tension, examples of such 
sources are models of choked gamma-ray burst (GRB) jets  and active galactic 
nuclei (AGN) cores  which are opaque to GeV-TeV γ rays.  



Source type determination.....

For neutrinos produced in pp (pn) collisions, where both π+’s and π−’s are produced, 
the ratio of νbare flux to total ν flux is 1/6, while for neutrinos produced in pγ 
collisions, where more π+’s are produced, the ratio is 1/15

The cross-sections 

are resonant
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starting events: now 6 years Æ 8s
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Lack of GR events.....

For the standard power-law assumption of -2, about 3 Glashow 
resonance (GR) events should have been seen so far by IC. For the 
best fit, of -2.92, seeing no GR events so far is consistent.

Does this mean: 

Sources are not pp, but  p𝛾? (should still 
see some GR events with more data) 
or 
Fluxes are sharply falling power-laws and 
cut-off in sub-PeV region? Then what 
are the PeV events?

starting events: now 6 years Æ 8s
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Observation of Astrophysical Neutrinos in Six Years of IceCube Data
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.

IceCube Preliminary

Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1s uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E�2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the n

µ,up best fit [10] with 1s uncertainties. Its length indicates the approximate sensitive energy
range of the n

µ,up analysis.
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 Power-law behavior (index)  of 8 yr up-going muon data and HESE data significantly 
different.

It is widely believed that UHE neutrinos 
are produced in charged pion decays 

produced in pp and or p𝛾 interactions in 
the source. Such neutrinos are expected 

to follow a E-2 spectrum
However….

 Questions/Issues:  Power-law behavior of observed neutrino fluxes…..



Assuming that the production of CR via p-p and p-gamma interactions is linked to that 
of neutrinos, 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 
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dE
⇥ 2.3� 10�8 �⇥ ⇥z 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 

�� = 1

45Tuesday, June 21, 2011

The WB bound is valid for sources which  are optically thin to proton photo-meson and proton-
nucleon interactions, from which protons can escape. Such sources are characterized by an 

optical depth τ which is typically less than one. The bound is conservative by a factor of ∼ 5/τ.

hep-ph/9807282, hep-ph/9902383



Proximity to 
WB bound is 
puzzling and 
difficult to 
understand 

 
Upward-going  
Muon Neutrinos

Confirmation of the astrophysical 
neutrino flux in a completely 
independent data set 

Spectrum appears somewhat 
harder in this data, around  
dN/dE ~ E–2.0 rather than E–2.6
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 Features in IceCube data.....



 Power-law incompatibilities and DM………

The incompatibilities  a) between expected E^-2 flux and observed spectrum b) 
between through going muons and HESE spectra, along with proximity of flux to WB 
bound  have led to the speculation that IC sees more than one flux. 

Secondly, the second component may not be astrophysical, but due to decay of DM to 
SM particles leading to neutrinos. 

The 𝛾-ray constraints from Fermi can also be used to constrain DM mass and lifetime 
in this scenario.

MIT-CTP/4863

Gamma-ray Constraints on Decaying Dark Matter and Implications for IceCube

Timothy Cohen,1 Kohta Murase,2, 3 Nicholas L. Rodd,4 Benjamin R. Safdi,4 and Yotam Soreq4

1Institute of Theoretical Science, University of Oregon, Eugene, OR 97403
2Center for Particle and Gravitational Astrophysics; Department of Physics;

Department of Astronomy and Astrophysics,
The Pennsylvania State University, University Park, Pennsylvania 16802

3Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
4Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139

Abstract

Utilizing the Fermi measurement of the gamma-ray spectrum toward the Inner Galaxy, we derive
some of the strongest constraints to date on the dark matter (DM) lifetime in the mass range from
hundreds of MeV to above an EeV. Our profile-likelihood based analysis relies on 413 weeks of Fermi
Pass 8 data from 200 MeV to 2 TeV, along with up-to-date models for di↵use gamma-ray emission
within the Milky Way. We model Galactic and extragalactic DM decay and include contributions to
the DM-induced gamma-ray flux resulting from both primary emission and inverse-Compton scat-
tering of primary electrons and positrons. For the extragalactic flux, we also calculate the spectrum
associated with cascades of high-energy gamma-rays scattering o↵ of the cosmic background radi-
ation. We argue that a decaying DM interpretation for the 10 TeV-1 PeV neutrino flux observed
by IceCube is disfavored by our constraints. Our results also challenge a decaying DM explanation
of the AMS-02 positron flux. We interpret the results in terms of individual final states and in the
context of simplified scenarios such as a hidden-sector glueball model.

A primary goal of the particle physics program is to
discover the connection between dark matter (DM) and
the Standard Model (SM). While the DM is known to
be stable over cosmological timescales, rare DM decays
may give rise to observable signals in the spectrum of
high-energy cosmic rays. Such decays would be induced
through operators involving both the dark sector and the
SM. In this work, we derive some of the strongest con-
straints to date on decaying DM for masses from ⇠400
MeV to ⇠107 GeV by performing a dedicated analysis of
Fermi gamma-ray data from 200MeV to 2TeV.

The solid red line in Fig. 1 gives an example of our
constraint on the DM (�) lifetime, ⌧ , as a function of
its mass, m�, assuming the DM decays exclusively to a
pair of bottom quarks. Our analysis includes three con-
tributions to the photon spectrum: (1) prompt emission,
(2) gamma-rays that are up-scattered by primary elec-
trons/positrons through inverse Compton (IC) within the
Galaxy, and (3) extragalactic contributions.

In addition to deriving some of the strongest limits on
the DM lifetime across many DM decay channels, our re-
sults provide the first dedicated constraints on DM using
the latest Fermi data for m� & 10TeV. To emphasize
this point, we provide a comparison with other limits in
Fig. 1. The dashed red curve indicates our new estimate
of the limits set by high-energy neutrino observations at
the IceCube experiment [1–4]. Our IceCube constraint
dominates in the range from ⇠107 to 109 GeV.

Constraints from previous studies are plotted as solid
grey lines labeled from 1-6. Curve 6 shows that for masses
above ⇠109 GeV, limits from null observations of ultra-
high-energy gamma-rays at air shower experiments [5],
such as the Pierre Auger Observatory (PAO) [6], KAS-
CADE [7], and CASA-MIA [8], surpass our IceCube lim-
its. Curves 2, 5, and 3 are from previous analyses of the
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FIG. 1: Limits on DM decays to b b̄, as compared to previ-
ously computed limits using data from Fermi (2,3,5), AMS-
02 (1,4), and PAO/KASCADE/CASA-MIA (6). The hashed
green (blue) region suggests parameter space where DM de-
cay may provide a ⇠3� improvement to the description of
the combined maximum likelihood (MESE) IceCube neutrino
flux. The best-fit points, marked as stars, are in strong ten-
sion with our gamma-ray results. The red dotted line provides
a limit if we assume a combination of DM decay and astro-
physical sources are responsible for the spectrum.

extragalactic [9, 10] and Galactic [11] Fermi gamma-ray
flux (for related work see [12–14]). Our results are less
sensitive to astrophysical modeling than [9], which makes
assumptions about the classes of sources and their spec-
tra that contribute to the unresolved component of the
extragalactic gamma-ray background. We improve and
extend beyond [10, 11] in a number of ways: by including
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Figure 9. 95% confidence level lower limits on the DM decay lifetime for the hadronic and bosonic DM
annihilation channels considered in this analysis. Limits for a Burkert (bottom, green), Einasto (top,
orange), and NFW (middle, blue) profile are shown. Segue 1 dwarf galaxy limits from MAGIC [66]
(lower left) are dashed in red. HAWC limits from dwarf galaxies (upper left) are shown dashed in
purple. IceCube limits [67] are shown in brown (on right). The red star is a model in which the
IceCube neutrinos are produced in decaying DM [7].

– 14 –

Recent HAWC results 
also strongly constrain 
DM to SM particle 
decay leading to 
neutrinos in IceCube. 



Thank you for your attention!
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Observation of Astrophysical Neutrinos in Six Years of IceCube Data

(a) deposited energies (b) arrival directions

Figure 4: Deposited energies and arrival directions of the observed events and expected contribu-
tions from backgrounds and astrophysical neutrinos. Atmospheric muon backgrounds (estimated
from data) are shown in red. Atmospheric neutrino backgrounds are shown in blue with 1s uncer-
tainties on the prediction shown as a gray band. For scale, the 90% CL upper bound on the charm
component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spec-
tra (assuming an unbroken power-law model) are shown in gray. The solid line assumes a single
power-law model, whereas the dashed line assumes a two power-law model, using the spectrum
derived in [10] as a prior for the high-energy component. Only events above 60 TeV are considered
in the fit.

like events in the sample. We removed events 32 and 55 (two coincident muons from unrelated air
showers) and 28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering
analyses. This test (see Fig. 5) did not yield significant evidence of clustering with p-values of 44%
and 77% for the shower-only and the all-events tests, respectively. We also performed a galac-
tic plane clustering test using a fixed width of 2.5� around the plane (p-value 23.4%) and using a
variable-width scan (p-value 17.4%). All above p-values are corrected for trials.

6. Future Plans
Modified analysis strategies in IceCube have managed to reduce the energy threshold for a selec-
tion of starting events even further in order to be better able to describe the observed flux and its
properties [7], but at this time they have only been applied to the first two years of data used for
this study. Corresponding lower-threshold datasets, using the full set of data collected by IceCube
will become available soon [11]. In addition, combined fits of this dataset and others like the
through-going muon channel [10] are currently in preparation [11].

Due to the simplicity and robustness of this search with respect to systematics when compared
to more detailed searches, it is well suited towards triggering and providing input for follow-up

760
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high-energy starting events (HESE)

Marcel Usner | Search for Astrophysical Tau Neutrinos in Six Years of High-Energy Starting Events in IceCube

μ

νμ

✓

μ veto

✘
IceCube, Science 342, 2013 IceCube, ICRC 2017, NU060 (parallel talk)
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Φ(E) ~1.5·10-8 E-2.3

37 events in 3 years

Φ(E) ~2.5·10-8 E-2.9

82 events in 6 years

IceCube, PRL 113, 2014 IceCube, ICRC 2017, NU060

   Starting events……..6 years



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

physics at the highest energies.

Why are they interesting?.......

The  highest energies in Nature are believed to 
reside in dense astrophysical environments.



Multi-messenger astrophysics with neutrinosν 4

p

p

Astrophysical 
beam dump

π0 π+/π-

‣ Nuclei can be deflected by magnetic 
fields

γ

γ γ

‣ Gamma rays can be absorbed

νμ
µ

e νμ
νe νμ

‣ Neutrinos are difficult to stop and 
travel in straight lines

Slide from C Kopper, ICRC 2017

Sources:Charged particle acceleration by high magnetic fields in dense environments 
……

It is widely believed that UHE neutrinos are produced in charged 
pion decays produced in pp and or p𝛾 interactions in the source.



 Tension with Fermi IRGB data………



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 cutoff [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 cutoff [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 cutoff 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 difficulty explaining. Only

High Energy Cosmic Rays.....

Comparing the UHECR to terrestial accelerators......



CR EAS Detector Identification ID e⇥ciency Results

Extensive air showers
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 Atmospheric  neutrinos….. a background



atmospheric neutrinos are
accompanied by muons from

the decay (and also shower) that
produced them Æ

isolated events only
(no signals in IceTop)

Slide from F Halzen, TeVPA 2017

Differentiating signal (UHE 𝜈) from background (atmos 𝜈) ……



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.....



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



neutrino flavors Neutrino Signals in  IceCube.....



NuSky 20-June-2011 Tom Gaisser 13

More events

A cascade event, candidate for 
a high energy �e ~50 TeV

 Signals in  Icecube…..    Cascade (or Shower) event

All NC, CC νe  

15 % resolution on the 
deposited energy  

10° angular resolution 
(above 100 TeV)  



NuSky 20-June-2011 Tom Gaisser 12

High-energy events in IceCube-40

~100 TeV �� induced muon

~ EeV air shower Signals in  Icecube…..    Track event (muons)

Charged 
current νµ  

Factor ~2 
energy 
resolution 

 <1° angular 
resolution  



Double Bang ντ  

Vertex separation ~50m/PeV 

 Not yet observed  

 Signals in  Icecube…..     double bang event (taus) 
                     (how do you see a tau?)
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Search for Astrophysical Tau Neutrinos in Six Years of High-Energy Starting Events in IceCube M. Usner

The analysis presented here introduces a new identification method of tau neutrino interac-
tions in IceCube by explicitly reconstructing events with a double cascade hypothesis. It aims at
the discovery of the first tau neutrino interaction in IceCube and the measurement of the astrophys-
ical neutrino flavor ratio sensitive to all flavors. It uses the high-energy starting events collected
between 2010 and 2016 in the energy range between 60TeV and 10PeV deposited electromagnetic-
equivalent energy. The sensitivity increases by identifying tau neutrino events with a decay length
as low as ⇠20m and a deposited electromagnetic-equivalent energy above ⇠100TeV. In Section 2
the well-known data sample of high-energy starting events is revisited and the reconstruction of
double cascade events is described. In Section 3 the observables, analysis method and systematic
uncertainties are explained. The results are discussed in Section 4 and summarized in Section 5.

2. Data Sample and Event Reconstruction

Figure 1: Simulated starting
event topologies: single cas-
cade (top), double cascade
(middle) and track (bottom).

The data sample used for this analysis is the high-energy start-
ing event selection (HESE) [2]. Neutrino events are identified by
defining the outer detector boundary as a veto region and by re-
quiring that no more than 3 of the first 250 photoelectrons occur
within the veto. In addition, at least 6000 photoelectrons are re-
quired per event corresponding to an energy threshold of ⇠30TeV
deposited electromagnetic-equivalent energy. Recently this event
selection was updated to include a total of six years of data and
now consists of 82 events [5]. Above a deposited energy of 60 TeV
considered for this analysis there are 49 events on a total estimated
atmospheric background of 9.0+3.4

�1.9.
Three starting event topologies are considered (see Figure 1).

Single cascades are produced in electron-neutrino and all-flavor
neutral current interactions. Double cascades are only produced
in charged current tau neutrino interactions where the tau lepton
decay produces either a hadronic or an electromagnetic cascade.
Tracks are produced by muons in charged current muon neutrino
interactions, in charged current tau neutrino interactions where the
tau lepton decays into a muon and by muons from atmospheric air
showers that do not trigger the veto condition.

Reconstruction of cascade- and track-like events is well estab-
lished in IceCube [16]. An event is reconstructed using a maximum-
likelihood fit where the expected arrival time distribution of photo-
electrons from a hypothesis is compared to the observed distribution
at each DOM. For the first time double cascade events are explicitly reconstructed. The event hy-
pothesis is constructed by extending a single cascade hypothesis by two more parameters: the decay
length and the electromagnetic-equivalent energy deposited in the decay. Consequently, the second
(decay) cascade is related to the first (interaction) cascade by assuming the two are connected by
a particle traveling at the speed of light and in the same direction as the primary neutrino. Both
assumptions are perfectly reasonable considering the energy scale and resolution of IceCube.

38



Measure energy by counting the number of fired PMT. 
  (This is a very simple but robust method)

 Signals in  Icecube…..    Muon energy measurement

Eμ = 6 PeV Eμ = 10 TeV
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A measurement of the diffuse astrophysical muon neutrino flux
Leif Rädel | ICRC 2015, The Hague | 04.08.2015

4

Prompt atmospheric neutrinos
� From heavy meson decays 

produced by cosmic ray 
interactions with the atmosphere 
(not measured yet)

� Energy spectrum: 𝑑𝜙
𝑑𝐸

∝ 𝐸−2.7

Signal signature

� Atmospheric neutrino background

Conventional atmospheric neutrinos
� From pion and kaon decays 

produced by cosmic ray 
interactions with the atmosphere

� Energy spectrum: 𝑑𝜙
𝑑𝐸

∝ 𝐸−3.7

� Astrophysical neutrino signal

� Energy spectrum: 𝑑𝜙
𝑑𝐸

∝ 𝐸−2

true neutrino energy

Neutrino energy spectrum incl. detection efficiency

Honda: Honda et al., Phys. Rev. D 75 (Feb, 2007)
ERS: Enberg et al., Phys. Rev. D 78 (Aug, 2008)
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A measurement of the diffuse astrophysical muon neutrino flux
Leif Rädel | ICRC 2015, The Hague | 04.08.2015
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Prompt atmospheric neutrinos
� From heavy meson decays 

produced by cosmic ray 
interactions with the atmosphere 
(not measured yet)

� Energy spectrum: 𝑑𝜙
𝑑𝐸

∝ 𝐸−2.7

Signal signature

� Atmospheric neutrino background

Conventional atmospheric neutrinos
� From pion and kaon decays 

produced by cosmic ray 
interactions with the atmosphere

� Energy spectrum: 𝑑𝜙
𝑑𝐸

∝ 𝐸−3.7

� Astrophysical neutrino signal

� Energy spectrum: 𝑑𝜙
𝑑𝐸

∝ 𝐸−2

true neutrino energy

Neutrino energy spectrum incl. detection efficiency

Honda: Honda et al., Phys. Rev. D 75 (Feb, 2007)
ERS: Enberg et al., Phys. Rev. D 78 (Aug, 2008)

Atmospheric neutrinos, from 
pion/kaon decay, 

background, dominates until 
~ 100 TeV, rapidly falling

Astrophysical flux emerges 
~ 100 TeV and above

prompt 
atmospheric, 
from charm 

decay, not yet 
observed

 Expected fluxes.....

  Benchmark model: Fermi    
acceleration at shock fronts  
�  

Lars Mohrmann  ─  lars.mohrmann@desy.de  ─  August 4, 2015

Signal Hypotheses

> Energy spectrum

 Benchmark model: Fermi acceleration at shock fronts
→ 

 Actual spectrum depends on source class

 Hypothesis A:

 Hypothesis B:

> Flavor composition

 Pion-decay:

 Muon-damped:

 Neutron-decay:

 Fit: allow any composition

Image credit: NASA, ESA, and Zolt Levay (STScl)
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What does IceCube actually see so far?
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high-energy starting events (HESE)

Marcel Usner | Search for Astrophysical Tau Neutrinos in Six Years of High-Energy Starting Events in IceCube
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✓

μ veto

✘
IceCube, Science 342, 2013 IceCube, ICRC 2017, NU060 (parallel talk)
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   Starting events……..6 years data available now



   Starting events……..6 years

80 (+2) events observed, mix of 
track (muon) and cascades. 

Expected background: 15.6 
atmospheric, 25.2 atmos muons 
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Observation of Astrophysical Neutrinos in Six Years of IceCube Data
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.

IceCube Preliminary

Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1s uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E�2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the n

µ,up best fit [10] with 1s uncertainties. Its length indicates the approximate sensitive energy
range of the n

µ,up analysis.

457

Angular Distribution of events is isotropic, indicating that most events are 
extragalactic. 



  up going νµ track search – 506 bursts (4 years)  

  all-flavor cascade search – 257 bursts (1 year)  

limits on the ν flux disfavor much of the parameter space for the latest GRB 
models   

Conclusion: ONLY ~1% OF THE ASTROPHYSICAL ν FLUX CAN COME FROM 
GRBs  

Constraints on GRB’s as sources of UHE nu

Additional conclusions from observations re source class….

[IceCube, arXiv:1412.6510] IceCube present and future / Olga Botner  

2015-05-03 34  



862 blazars from the 2nd Fermi AGN catalog  

as few assumptions as possible  

track analysis 2009 – 2011  

estimate of max. signal from the entire population  

compare with E-2.5 energy spectrum  

Conclusion:ONLY ~20% OF THE ASTROPHYSICAL ν FLUX CAN COME FROM 
BLAZARS  

Additional conclusions from observations re source class….

[T. Glüsenkamp, RICAP 2014, proceedings] 2015-05-03 35  



Detecting neutrinosν 6

μ

νμ

Cherenkov coneDeep-inelastic 
scattering

Through-Going VHE muon track events ……8 yr data available 

Slide from C Kopper, ICRC 2017
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after 6 years: 3.7Æ 6.0 sigma

 Questions/Issues:  Power-law behavior of observed neutrino fluxes…..

Power-laws of the HESE and thoroughgoing muon fluxes seem consistent with 

each other, and with Fermi shock acceleration. 

Difficult, in this way of looking at the data, to understand the 30-100 TeV 

data (MESE). 



Medium Energy Starting Events

• Lower energies accessible with scaled veto 

• Null hypothesis of isotropic, power-law flux  
not rejected, but we can have fun speculating
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Phys. Rev. D91, 022001 (2015)

At lower energies, in the range of 30 − 100 TeV, there appears to be an excess, with a 

bump-like feature (compared to a simple power-law spectrum), which is prominently 

present in events from the southern hemisphere, but also visible in events from the 

northern hemisphere.The maximum local significance of this excess is about 2.3σ. 

 Questions/Issues:  Excess in 30-100 GeV region………
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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 
•  bkg. 8.4±4.2 atm. µ and 6.6+5.9 ν$
  

•  4 yrs: 54 events 
 

•  mostly νe CC and NC cascades 
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•  4 yrs: 54 events 
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”Big Bird” 
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ASTROPHYSICAL NEUTRINOS 

∼ 7 σ$

  IceCube Results……..……Some interesting features

Three 
cascade 

events in ~ 
1-2 PeV 
region. 

Temporally 
separated 
by months

No events 
between 
400 TeV 
and 1 PeV

IC has high 
sensitivity 

between 1-10 
Pev, yet no 

events beyond 
~ 2PeV, 
although 
~2-3 

expected due 
to Glashow 
Resonance



Conclusions……
With 6 years of data on astrophysical neutrinos, IceCube is already making 
interesting physics statements re UHE neutrino spectra, fluxes and sources.  
This will continue to strengthen with more data. 

At present the data tell us that   

expected E^-2 spectrum is disfavored at very high significance, if 
single power-law fit attempted. there appears to be tension between 
muon only track spectrum and the cascades (spectral index of -2.1 vs 
-2.92) 

(Indication of more than one component?) 

there seems to be an excess at ~30-100 TeV in all flavor spectrum 

 the neutrinos cannot come from neutron decay sources 

that GRBs, once considered important sources, cannot account for more 
than 1% of the astrophysical flux, nor can blazars account for more 
than 20% of the flux 

Source/sources remain unknown. 



The important question that will be addressed with more 
data is :  

Is IceCube pointing to important new physics, or will more 
stats show conformity with standard astrophysical origins 
of UHE neutrinos?

 (More on this in today’s  WG3 +WG5 session)



Tyce DeYoung, PASCOS 2016, Quy Nhon 31

IceCube Preliminary



While gamma-rays, neutrinos & cosmic rays inject similar energies 
into the universe, common sources are still to be discovered.  
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Martin Rongen

Lake Baikal

September 2016Big picture

While gamma-rays, neutrinos & cosmic rays inject similar energies into the 
universe, common sources are still to be discovered.

Blazar 
dominated < 30% blazars

< 1%  GRBs

AGNs, SN, starburst 
unknown

Compatible with 
Waxman & Bahcall bound

Fig. adapted from L. Mohrmann  



3 yrs: 37 events in 
988 days 
bkg.  6.6+5.9 atm ν, 
5.7 sigma evidence 
for astrophysical 
neutrino signal 

4 yrs: 54 events  ~ 7 
sigma evidence 

Mostly νe CC and NC 
cascades

LHC 
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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 
•  bkg. 8.4±4.2 atm. µ and 6.6+5.9 ν$
  

•  4 yrs: 54 events 
 

•  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 

∼ 7 σ$

Zenith distribution consistent with isotropic 
astrophysical flux  
•  

  IceCube Results……..……



LHC 

IceCube'present'and'future'/'Olga'Botner' 36'2015:05:03'

PROPOSED SOURCE CANDIDATES 

Slide'from'M.'Ahlers,'NeuTel'2015'

What are the sources for astrophysical neutrinos?…….

No correlation with any source class established so far…….



Combine results from 8 different searches 

Energy spectrum and flavor composition in a joint fit  
M. G. Aartsen et al. (IceCube Collaboration) arXiv:
1507.03991  

Lars Mohrmann  ─  lars.mohrmann@desy.de  ─  August 4, 2015

Combined Analysis

> Combine results from 8 different searches

> Determine energy spectrum and flavor composition in a joint fit

> Full details can be found in:

M. G. Aartsen et al. (IceCube Collaboration), “A combined maximum-likelihood analysis of 

the high-energy astrophysical neutrino flux measured with IceCube”, ApJ, in press

arXiv:1507.03991

5

  Benchmark model: Fermi 
acceleration at shock fronts  
→  

Lars Mohrmann  ─  lars.mohrmann@desy.de  ─  August 4, 2015

Signal Hypotheses

> Energy spectrum

 Benchmark model: Fermi acceleration at shock fronts
→ 

 Actual spectrum depends on source class

 Hypothesis A:

 Hypothesis B:

> Flavor composition

 Pion-decay:

 Muon-damped:

 Neutron-decay:

 Fit: allow any composition

Image credit: NASA, ESA, and Zolt Levay (STScl)
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> Energy spectrum

 Benchmark model: Fermi acceleration at shock fronts
→ 

 Actual spectrum depends on source class
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 Hypothesis B:

> Flavor composition
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 Pion-decay: 

Muon-damped: 

Neutron-decay: 
 

Assume isotropic flux  

Hypothesis A

Hypothesis B

Pion/muon decay flux  and 
muon damped fluxes are 
compatible at present, 
neutron decay is not.



LHC 

IceCube'present'and'future'/'Olga'Botner' 29'2015:05:03'

COMBINED MAX-LIKELIHOOD ANALYSIS OF THE ASTROPHYSICAL FLUX 

•  6 different data samples based on data from 2008 – 2012  
•  different strategies to suppress the atm. µ background 
•  large samples of track-like and cascade-like events 

assuming isotropic astrophysical flux and νe:νµ:ντ = 1:1:1 at Earth " 

unbroken power-law between      25 TeV and 2.8 PeV 
spectral index                      – 2.5 ± 0.09 
flux at 100 TeV            (6.7 ± 1.2)x10-18 (GeV ⋅ cm2 ⋅ s ⋅ sr)-1 

(-2 disfavored at 3.8 σ)$

the best fit flavor composition disfavors 1:0:0 at source at 3.6 σ$

Lars Mohrmann  ─  lars.mohrmann@desy.de  ─  August 4, 2015

Results  –  Energy Spectrum

> Profile likelihood scan

        , no cut-off

             , no cut-off

             , cut-off at

9

  IceCube Results……..……Spectral and flavour fits

Lars Mohrmann  ─  lars.mohrmann@desy.de  ─  August 4, 2015

Results  –  Energy Spectrum

> Assume isotropic flux and 

> Best fit hypothesis A:



          excluded at 

> Best fit hypothesis B:



 preferred over hypothesis A by

> Both models describe the data well

8

all-flavor!

all-flavor!



The Plot Thickens

Combined spectral index: γ = –2.5 ± 0.1  
High energy tracks:           γ = –2.1 ± 0.1

Eν >190 TeV  
Northern sky 
all νµ

Eν>25 TeV 
North+South 
mostly νe, ντ

IceCube: ICRC2015, PRD 2015, ApJ 2015, PRL 2014, Science 2013

Are we seeing a break in  
the spectrum, anisotropy,  
multiple components,…?

Below 1 PeV, there appears to be a dip in the 
spectrum, with no events between roughly 400 TeV 
and 1 PeV.4  

 Features in IceCube data.....



The Plot Thickens

Combined spectral index: γ = –2.5 ± 0.1 
High energy tracks:           γ = –2.1 ± 0.1

Eν >190 TeV  
Northern sky 
all νµ

Eν>25 TeV 
North+South 
mostly νe, ντ

IceCube: ICRC2015, PRD 2015, ApJ 2015, PRL 2014, Science 2013

Are we seeing a break in  
the spectrum, anisotropy,  
multiple components,…?

 Features in IceCube data…..More than one flux?



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.....



Conclusions……

With 4 years of data on astrophysical neutrinos, IceCube is already 
making interesting physics statements re UHE neutrino spectra, fluxes 
and sources. This will continue to strengthen with more data. 

Flux appears to cut-off ~ 2PeV (why are GR events not seen?) 

Why is flux so close to WB bound ? 

What does  the gap/break  (400 TeV to 1 PeV) imply? What are the “other” 
fluxes? 

Do the PeV events have a different origin? 

 Do any of the IC events have a DM origin?

Interesting questions that remain to be answered: 



Backup Slides



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 + γ → ∆+ → π0 + p and p + γ → ∆+ → π+ + n

interactions. Pions decay to µ and ν, 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, γ
rays and ν .Observations of TeV γ rays and CR thus can put
bounds on the UHE ν 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.....



GZK suppression ! interaction with CMB degrades CR energies

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

1966

Eth
p�CMB

=
m⇥ (mp +m⇥/2)

�CMB
⇥ 6.8� 1010

� �CMB

10�3 eV

⇥�1
GeV

! predicted within a year of discovery of CMB

3Tuesday, June 21, 2011

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

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

p �bgr � 1232 ⌅ n

µ ⇤µ

e ⇤e ⇤̄µ

p �bgr � 1232 ⌅0 p
� �

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

⇧EM : ⇧⇥ 5 : 3

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

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

E2J⇥
c

4⌅
⇧cas 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)



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] 

3.5� � 8�

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

Pierre Auger Collaboration ! 20�

(depending on experiment normalization)
!

!

!

4Tuesday, June 21, 2011

 UHECR.....features at the highest energies



What Kind of Detectors are needed to see UHECR and/or UHE 
Neutrinos?



UHE, >1010GeV, CRs  

3,000 km2  

J(>1011GeV)~1 / 100 km2 year 2� sr 

Ground array�

 Fluorescence �
detector�

Auger:�
3000 km2�

 Pierre Auger Detector



CR EAS Detector Identification ID e⇥ciency Results

Identification of neutrino induced showers
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 Signals in a surface detector.....(Auger)



Atmospheric Muon  
and Neutrino Veto

• Schönert et al. 2009, 
Gaisser et al. 2014

π 

K

e 

νe 

νµ 

νe 

νµ 

D

µ 

µ 
νµ 
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Upward-Going Muon Neutrinos

• Also observe 5.6σ excess  
in high-energy νµ passing  
through the Earth –  
completely independent  
observation channel  

• Highest energy neutrino 
yet: 2.6 ± 0.3 PeV  
deposited in detector 

• Lower limit on Eν 

• Up-going track (νµ) 

• Declination 11.5º, 11/6/14

dusty ice



Neutrino Cross-sections at the Glashow Resonance

RG, Quigg, Reno and 
Sarcevic

The cross-sections 

BRIEF ARTICLE

THE AUTHOR

�̄ee !hadrons , �̄ee ! �̄ee , �̄ee ! �̄µµ , �̄ee ! �̄�⇥

1

are resonant



We note that, at the GR........ 

BRIEF ARTICLE

THE AUTHOR

�̄ee!anything
�µ+N!µ+anything ⇡ 360

1

BRIEF ARTICLE

THE AUTHOR

�̄ee!hadrons
�µ+N!µ+anything ⇡ 240

1

BRIEF ARTICLE

THE AUTHOR

�̄ee!�̄µµ
�µ+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

�̄e+e!�̄µ+µ
�µ+e!µ+�e

⇡ 1000

1

pure tau track,  unique if contained 
lollipop

(Bhattacharya, RG, Rodejohann and Watanabe 2011) 



cosmic rays + 
      neutrinos

       cosmic rays  
+ gamma-rays

π±
ν

p

π0
γ

e±

γ

p

γ

ν

p

Neutrinos produced as 
by-product of cosmic 

ray acceleration  
near their sources

Neutrino Astronomy

Slide from T. De Young





 • The data, when subjected to directional analyses , at its present level of 
statistics, is compatible with an isotropic diffuse flux, although several studies 
among the ones cited above indicate the presence of a small galactic bias. The 
accumulation of more data will be able to ascertain whether the galactic bias is 
real, in which case it would imply important underlying physics.  

• The three highest energy events [1], with the estimated (central value) of the de- posited energies of 1.04 PeV, 1.14 PeV and 2.0 PeV are all cascade events from 
the   southern hemisphere. At these energies, i.e. Eν ︎ 1 PeV, the earth becomes opaque to neutrinos, thus filtering out neutrinos coming from the northern hemisphere. 

Below 1 PeV, there appears to be a dip in the spectrum, with no events between roughly 400 TeV and 1 PeV.4 



1.2 PeV event

1.04 PeV event

temporal separation 
about 7 mos.

Supplementary Methods and Tables – S4

SUPPL. FIG. 2. Arrival directions of the events (+ for shower
events, ⇥ for track events) and test statistic (colors) in equa-
torial coordinates (J2000). The gray line denotes the galactic
plane. This is an equatorial version of Fig. 5.

SUPPL. FIG. 3. Pre-trials p-value vs. width of galactic plane
hypothesis. The width of the galactic plane is varied from
±2.5� to ±30� in steps of 2.5�. For each width, the pre-trials
p-value is calculated by comparing the maximized likelihood
to that from scrambled datasets. All results are consistent
with the background-only hypothesis.

⇡/K decay, atmospheric neutrinos from charm decay,
and an isotropic E�2 astrophysical test flux. The muon
background was constrained by a Gaussian prior match-
ing our veto e�ciency measurement. To ensure maxi-
mum robustness, all neutrino rates were completely un-
constrained beyond a non-negativity requirement.

To test the null hypothesis of no astrophysical flux, we
compared the best global fit, with all components free,
to the best fit when the astrophysical test flux was con-
strained to zero using the di↵erence in likelihood as a
test statistic. This rejected with a significance of 5.7�
the no-astrophysical case when compared to the best-fit
alternative, which had a prompt flux (the hardest non-
astrophysical component available to the fitter) 3.6 times
above existing 90% CL limits [9] (Suppl. Fig. 4), which
themselves are well above most common prompt flux pre-
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SUPPL. FIG. 4. Profile likelihood scan of the normalization
of the E�2 test flux for the unconstrained fit. The red line rep-
resents the likelihood di↵erence (left axis) to the best-fit point
(marked with ⇥). Nuisance parameters (right axis, blue and
green lines) are fractions of, respectively, the 90% CL upper
limit on prompt and best-fit conventional (⇡/K) atmospheric
neutrino fluxes from [9] and show the best-fit values, without
uncertainties, of the atmospheric flux for each choice of astro-
physical flux. For very low astrophysical fluxes, large prompt
atmospheric neutrino fluxes are required to explain the data
(blue line) but even large values are in strong tension with the
data (red line). Note that significances given on the left axis
are approximate, although they coincide with results of Monte
Carlo ensembles for the null hypothesis rejection (5.7�).

dictions (e.g. [24]). Using the previous limits directly in
the fit, through a Gaussian penalty function, would have
increased the significance of the result to 6.8�, tested
against a best-fit prompt flux 1.6 times larger than the
existing 90% CL limit.
In the first part of this study [11], we performed an

additional test that does not include information on the
spectrum or angular distribution of the penetrating muon
background and has correspondingly much lower sensi-
tivity. The construction of the test also does not allow
incorporation of any non-statistical uncertainties in the
atmospheric neutrino fluxes, in order to match the treat-
ment and charm background model in [10]; it is presented
here only for consistency with the previous result. Re-
moving the two ⇠ 1 PeV events from the sample and
incorporating them with the significance from [10] gives
4.8�. Including all events directly in the test yields 5.2�.
Comparisons of the properties of the events to

model expectations are given in Suppl. Tab. IV and
Suppl. Fig. 5.

Time Clustering Analysis

We performed two tests for clustering of events in time,
following an identical procedure to that in [11]. The

2 PeV event
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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FIG. 1. Feynman diagram of the CENNS process.

where the Z is an atomic number and A is an atomic
mass. ⌫A stands for neutrino-nuclei interaction. The
vector charge of Z0 to u-quark ( 14 � 2

3 sin
2
✓w) and Z

0

to d-quark (� 1
4 + 1

3 sin
2
✓w), where ✓w is the Weinberg

angle, causes the di↵erent coupling strength between wp

and wn to the proton (uud) and the neutron (udd), re-
spectively. The SM values are wp = GF

4 (4 sin2 ✓w � 1)

and wn = GF
4 . Since sin2 ✓w ' 0.23, wp is suppressed

and the ⌫A cross section at a given neutrino energy is
e↵ectively proportional to the square of the number of
neutrons, (A� Z)2.

Typical values of the total CENNS cross section for
medium A nuclei are in the range of ⇠10�39 cm2 which
is at least an order of magnitude larger than other neu-
trino interactions in this energy range (see FIG. 2). For
example, charged current inverse � decay on protons has
a total cross section of �⌫̄ep ' 10�40 cm2 and elastic
neutrino-electron scattering has a total cross section of
�⌫ee ' 10�43 cm2. The maximum nuclear recoil energy
for a target nucleus of mass M is given by 2E2

⌫/M which
is in the sub-MeV range for E⌫⇠50MeV and for typical
detector materials.

In the following sub-sections we briefly summarize the
important physics cases where the CENNS interactions
play a significant role.

A. CENNS in Particle Astrophysics

1. Dark Matter Physics

One of the most fascinating problems in Particle As-
trophysics is the presence of dark matter. The Standard
Model (SM) does not accommodate a suitable dark mat-
ter particle candidate; therefore dark matter is crucial
phenomenological evidence for physics Beyond the Stan-
dard Model (BSM). The common theme of BSM scenar-
ios is the introduction of new particles where at least one
is neutral and stable. These new particles in most sce-
narios typically have non-gravitational interactions which
are su�cient to keep them in thermal equilibrium in the
early universe. In particular, particles with a mass of the
electroweak scale have a relic density in the right range
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FIG. 2. Neutrino cross sections on argon target in low energy
region.

for a suitable candidate for dark matter.
In the limit of vanishing momentum transfer the dark

matter to nuclei (�A) cross section becomes

��A ' 4

⇡

µ

2
�A [Zfp + (A� Z)fn]

2
, (2)

where µ�A is the reduced mass of the collision. A spin-
independent �A interaction corresponds to a coupling
to the nucleon density operators characterized by cou-
pling constants fp and fn to protons and neutrons, re-
spectively. In a wide range of BSM scenarios [7, 8], the
Higgs-to-strange quark coupling is the dominant compo-
nent of the �A interaction. Since the proton and neutron
have similar strange quark contents, it is usually assumed
that fp ' fn. The ��A is, therefore, simplified to be pro-
portional to A

2. This A2–scaling of the cross section is a
very strong driving force in the direct detection of dark
matter experiments and is analogous to the (A � Z)2–
scaling in CENNS. Moreover, it has been known that
the CENNS of astrophysical and atmospheric neutrinos
are irreducible backgrounds for future generation dark
matter detectors at spin-independent cross-sections. A
recent study showed background limits to future dark
matter searches coming from CENNS interactions of as-
trophysical and atmospheric neutrinos [9]. There are a
few possible ways to improve the limits by using direc-
tional measurements of the neutrino interactions and/or
measuring time variation of the interactions. However,
this CENNS background limit is a robust lower bound
which can not be substantially reduced. Measuring the
CENNS cross section and performing subsequent tests
of higher energy neutrino interactions on various target
materials will be extremely beneficial to future dark mat-
ter experiments. The importance of the CENNS physics
cases in dark matter searches is also pointed out in a
recent Snowmass report [10].
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We present a new experimental method for measuring the process of Coherent Elastic Neutrino
Nucleus Scattering (CENNS). This method uses a detector situated transverse to a high energy
neutrino beam production target. This detector would be sensitive to the low energy neutrinos
arising from pion decays-at-rest in the target. We discuss the physics motivation for making this
measurement and outline the predicted backgrounds and sensitivities using this approach. We report
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I. INTRODUCTION

The Coherent Elastic Neutrino-Nucleus Scattering
process, or CENNS, has yet to be observed since its
first theoretical prediction in 1974 by D. Freedman [1].
The condition of coherence requires su�ciently small mo-
mentum transfer to a nucleon so that the waves of o↵-
scattered nucleons in the nucleus are all in phase and add
up coherently. Neutrinos with energies less than 50MeV
largely fulfill this coherence condition in most target ma-
terials. The elastic neutral current interaction leaves no
observable signature other than the low-energy recoils
of the nucleus with energies of up to tens of keV. The
technical di�culties of developing large-scale, low-energy
threshold, and low-background detectors have hampered
the experimental realization of the CENNS measurement
for more than four decades. However, recent innovations
in dark matter detector technology have made the unseen
CENNS testable.

Neutrinos and dark matter are similar in that they
both exist ubiquitously in the Universe and interact
very weakly. All major dark matter direct detection
searches rely on the postulation of coherent scattering
of these massive particles o↵ of nuclei. Because of the
relatively low momentum transfer, the total interaction
cross-section scales as the atomic mass squared of the tar-
get material. This is an analogy for low-energy neutrinos
interacting coherently with nuclei. In fact, the CENNS
interactions may prove to be an irreducible background
for future direct detection dark matter searches.

Besides its role as a fundamental background in dark
matter searches, measurement of the CENNS process im-
pacts a significant number of physics and astrophysics

topics, including supernova explosions, neutron form fac-
tor, sterile neutrino, neutrino magnetic moments and
other non-Standard Model physics.
The method we outline uses low energy neutrinos aris-

ing from pion decay-at-rest source in the existing high
energy neutrino beam [2]. This di↵ers from other meth-
ods for which detectors are proposed to be situated close
to the core of a nuclear reactor [3, 4] or spallation neutron
sources [5, 6].
In this paper, we present R&D for a measurement

of CENNS. We start by discussing the physics moti-
vation for the CENNS process in section II. The de-
tails of the high-intensity and low-energy neutrino flux
from the Fermilab Booster Neutrino Beam (BNB) is ex-
plained in section III. The beam-associated background
and cosmogenic background measurements at the BNB
target building are described in section IV, a conceptual
CENNS experiment is described in section V, and we
summarize this paper in section VI.

II. PHYSICS MOTIVATION

In the Standard Model, CENNS is mediated by Z

0

vector boson exchange (see FIG. 1). In this process a
neutrino of any flavor scatters o↵ a nucleus with the same
strength; hence, the measurement will be insensitive to
neutrino flavor and will be blind to neutrino oscillations
among the active flavors. The dominant cross section for
a spin-zero nucleus at an incident neutrino energy of E⌫

is given by

�⌫A ' 4

⇡

E

2
⌫ [Zwp + (A� Z)wn]

2
, (1)
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FIG. 1. Feynman diagram of the CENNS process.

where the Z is an atomic number and A is an atomic
mass. ⌫A stands for neutrino-nuclei interaction. The
vector charge of Z0 to u-quark ( 14 � 2

3 sin
2
✓w) and Z

0

to d-quark (� 1
4 + 1

3 sin
2
✓w), where ✓w is the Weinberg

angle, causes the di↵erent coupling strength between wp

and wn to the proton (uud) and the neutron (udd), re-
spectively. The SM values are wp = GF

4 (4 sin2 ✓w � 1)

and wn = GF
4 . Since sin2 ✓w ' 0.23, wp is suppressed

and the ⌫A cross section at a given neutrino energy is
e↵ectively proportional to the square of the number of
neutrons, (A� Z)2.

Typical values of the total CENNS cross section for
medium A nuclei are in the range of ⇠10�39 cm2 which
is at least an order of magnitude larger than other neu-
trino interactions in this energy range (see FIG. 2). For
example, charged current inverse � decay on protons has
a total cross section of �⌫̄ep ' 10�40 cm2 and elastic
neutrino-electron scattering has a total cross section of
�⌫ee ' 10�43 cm2. The maximum nuclear recoil energy
for a target nucleus of mass M is given by 2E2

⌫/M which
is in the sub-MeV range for E⌫⇠50MeV and for typical
detector materials.

In the following sub-sections we briefly summarize the
important physics cases where the CENNS interactions
play a significant role.

A. CENNS in Particle Astrophysics

1. Dark Matter Physics

One of the most fascinating problems in Particle As-
trophysics is the presence of dark matter. The Standard
Model (SM) does not accommodate a suitable dark mat-
ter particle candidate; therefore dark matter is crucial
phenomenological evidence for physics Beyond the Stan-
dard Model (BSM). The common theme of BSM scenar-
ios is the introduction of new particles where at least one
is neutral and stable. These new particles in most sce-
narios typically have non-gravitational interactions which
are su�cient to keep them in thermal equilibrium in the
early universe. In particular, particles with a mass of the
electroweak scale have a relic density in the right range
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FIG. 2. Neutrino cross sections on argon target in low energy
region.

for a suitable candidate for dark matter.
In the limit of vanishing momentum transfer the dark

matter to nuclei (�A) cross section becomes

��A ' 4

⇡

µ

2
�A [Zfp + (A� Z)fn]

2
, (2)

where µ�A is the reduced mass of the collision. A spin-
independent �A interaction corresponds to a coupling
to the nucleon density operators characterized by cou-
pling constants fp and fn to protons and neutrons, re-
spectively. In a wide range of BSM scenarios [7, 8], the
Higgs-to-strange quark coupling is the dominant compo-
nent of the �A interaction. Since the proton and neutron
have similar strange quark contents, it is usually assumed
that fp ' fn. The ��A is, therefore, simplified to be pro-
portional to A

2. This A2–scaling of the cross section is a
very strong driving force in the direct detection of dark
matter experiments and is analogous to the (A � Z)2–
scaling in CENNS. Moreover, it has been known that
the CENNS of astrophysical and atmospheric neutrinos
are irreducible backgrounds for future generation dark
matter detectors at spin-independent cross-sections. A
recent study showed background limits to future dark
matter searches coming from CENNS interactions of as-
trophysical and atmospheric neutrinos [9]. There are a
few possible ways to improve the limits by using direc-
tional measurements of the neutrino interactions and/or
measuring time variation of the interactions. However,
this CENNS background limit is a robust lower bound
which can not be substantially reduced. Measuring the
CENNS cross section and performing subsequent tests
of higher energy neutrino interactions on various target
materials will be extremely beneficial to future dark mat-
ter experiments. The importance of the CENNS physics
cases in dark matter searches is also pointed out in a
recent Snowmass report [10].
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The FDM interacts with the nucleus within the Ice-
Cube detector via a neutral current interaction mediated
by a beyond-SM heavy gauge boson, Z Õ (Fig. 1) that
couples to both the ‰ and quarks and gluons.

gqqZ

� �

Z �

q

q

g��Z

FIG. 1. Interaction of the incoming TeV mass DM particle ‰
with a nucleus, mediated by a heavy non-standard boson ZÕ.

For both the ‰‰Z Õ and qqZ Õ interactions we assume the
interaction vertex to be vector-like, with hitherto unde-
termined coupling constants g‰‰Z and gqqZ respectively.
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FIG. 2. The ‰N DIS interaction cross-section and the cor-
responding Èy(E)Í are shown for the benchmark value of m‰

and mZÕ . The overall normalisation to the cross-section is set
by the product of coupling constants G, and is here arbitrar-
ily chosen to be G = 0.05. The real magnitude of G will be
determined by comparing event rates to those seen at IC in
the succeeding section.

The DIS cross-section for ‰N æ ‰X is then computed
in the lab-frame, with the product G = g‰‰ZgqqZ as the
undetermined parameter, over a broad range of incoming
FDM energies, 100 GeV Æ Ein

‰ Æ 10 PeV, using tree-level
CT10 parton distribution functions [42]. We set the Z Õ

mass to be 5 TeV. For Z Õ with mass > 2.9 TeV, the cou-
plings g‰‰Z and gqqZ are largely unconstrained by collider
searches [43], therefore being limited only by unitarity.

Since the IC can only measure the deposited energy
Edep for neutral current events, it is important to de-
termine the nature of the inelasticity parameter, relating
the deposited energy to the incoming particle energy:

y =
Ein

‰ ≠ Eout

‰

Ein

‰

= Edep

Ein

‰

. (5)

The DIS di�erential cross-section with respect to the in-
elasticity parameter is then expressed as

d‡

dy
(Ein

‰ , y) = G2f(Ein

‰ , y) . (6)

The results for the total cross-section and the mean
inelasticity parameter,

Èy(E)Í = 1
‡(E)

⁄
1

0

dy y
d‡(E, y)

dy
,

are shown in Fig. 2.

Interactions of the 𝜒………

Z’ which connects  SM 
and DM sectors

Vector-like couplings 
assumed

G = (g_χχZ)*(g_qqZ)

Compute the DIS cross-section for χN → χX 
in the lab-frame, 100 GeV ≤ Ein ≤ 10 PeV, using  
CT10 parton distribution functions.

We set the Z′ mass to be 5 TeV. (For Z′ with mass > 2.9 TeV, the 
couplings gχχZ and gqqZ are largely unconstrained by collider 
searches.) 

( Atri Bhattacharya, RG and  Aritra Gupta, arXiv 1407.3280) 



 Situation is intriguing, with no single explanation being a perfect fit.   
More data and new ideas would help...........

Thank you for your attention…….



Recent Observations at IceCube.......

• 37 events over a 3 year period which are non-atmospheric in 
origin and extra-terrestial. Atmospheric origin rejected at 

5.7σ. (Expect 6.6 atmospheric events )

• Energies between 60 TeV and 2 PeV, the highest ever neutrino 
energies observed!

• Events appear to be isotropically distributed (no significant 
galactic bias, no point-source like signal)

• 9 track events, 28 cascade events, consistent with 1:1:1 flux 
ratio.
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with
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·„
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and
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EG

= 1.4 ◊ 10≠8

3
1 TeV

m„

4 3
1026 s

·„

4
cm≠2 s≠1 sr≠1.

Here, z represents the red-shift of the source, fl
c

=
5.6 ◊ 10≠6 GeV cm≠3 denotes the critical density of the
universe, and we have used H(z) =


�

�

+ �
m

(1 + z)3,
and �

�

= 0.6825, �
m

= 0.3175, �DM = 0.2685 and
H

0

= 67.1 km s≠1 Mpc≠1 from the recent PLANCK
data [41]. For the two-body decay „ æ ‰̄‰

dN‰

dE‰
= 2”

3
E ≠ 1

2m„

4
(4)

The FDM interacts with the nucleus within the Ice-
Cube detector via a neutral current interaction mediated
by a beyond-SM heavy gauge boson, Z Õ (Fig. 1) that
couples to both the ‰ and quarks and gluons.

gqqZ

� �

Z �

q

q

g��Z

FIG. 1. Interaction of the incoming TeV mass DM particle ‰
with a nucleus, mediated by a heavy non-standard boson ZÕ.

For both the ‰‰Z Õ and qqZ Õ interactions we assume the
interaction vertex to be vector-like, with hitherto unde-
termined coupling constants g‰‰Z and gqqZ respectively.

����������	�

�����
����	

�
�

��
�
�


�
���


�
���


�
���


�
��



�
���


�
���


�
���


�
���


�
���

�
�

�

���

���

���

���

������	�


�
�


�
�


�
�


�
�


�
�


�
�


�
�


�
�


�

�


�





�

�

FIG. 2. The ‰N DIS interaction cross-section and the cor-
responding Èy(E)Í are shown for the benchmark value of m‰

and mZÕ . The overall normalisation to the cross-section is set
by the product of coupling constants G, and is here arbitrar-
ily chosen to be G = 0.05. The real magnitude of G will be
determined by comparing event rates to those seen at IC in
the succeeding section.

The DIS cross-section for ‰N æ ‰X is then computed
in the lab-frame, with the product G = g‰‰ZgqqZ as the
undetermined parameter, over a broad range of incoming
FDM energies, 100 GeV Æ Ein

‰ Æ 10 PeV, using tree-level
CT10 parton distribution functions [42]. We set the Z Õ

mass to be 5 TeV. For Z Õ with mass > 2.9 TeV, the cou-
plings g‰‰Z and gqqZ are largely unconstrained by collider
searches [43], therefore being limited only by unitarity.

Since the IC can only measure the deposited energy
Edep for neutral current events, it is important to de-
termine the nature of the inelasticity parameter, relating
the deposited energy to the incoming particle energy:

y =
Ein

‰ ≠ Eout

‰

Ein

‰

= Edep

Ein

‰

. (5)

The DIS di�erential cross-section with respect to the in-
elasticity parameter is then expressed as

d‡

dy
(Ein

‰ , y) = G2f(Ein

‰ , y) . (6)

The results for the total cross-section and the mean
inelasticity parameter,

Èy(E)Í = 1
‡(E)

⁄
1

0

dy y
d‡(E, y)

dy
,

are shown in Fig. 2.
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responding Èy(E)Í are shown for the benchmark value of m‰

and mZÕ . The overall normalisation to the cross-section is set
by the product of coupling constants G, and is here arbitrar-
ily chosen to be G = 0.05. The real magnitude of G will be
determined by comparing event rates to those seen at IC in
the succeeding section.

The DIS cross-section for ‰N æ ‰X is then computed
in the lab-frame, with the product G = g‰‰ZgqqZ as the
undetermined parameter, over a broad range of incoming
FDM energies, 100 GeV Æ Ein

‰ Æ 10 PeV, using tree-level
CT10 parton distribution functions [42]. We set the Z Õ

mass to be 5 TeV. For Z Õ with mass > 2.9 TeV, the cou-
plings g‰‰Z and gqqZ are largely unconstrained by collider
searches [43], therefore being limited only by unitarity.

Since the IC can only measure the deposited energy
Edep for neutral current events, it is important to de-
termine the nature of the inelasticity parameter, relating
the deposited energy to the incoming particle energy:

y =
Ein
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The DIS di�erential cross-section with respect to the in-
elasticity parameter is then expressed as
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The results for the total cross-section and the mean
inelasticity parameter,
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( Atri 
Bhattacharya, 
RG and  Aritra 
Gupta, arXiv 
1407.3280) 



4

Determining the normalization to the interaction
strength for ‰N æ ‰X

The energy at which the ‰ flux should peak is deter-
mined by requiring that the event rates peak at around
1.1 PeV; in turn, this requires that the flux peak at
around energies of

E
peak

= 1.1/
#ÈyÍ--

E=1.1 PeV

$
= 2.53 PeV,

which implies, m„ = 5.06 PeV.
The total number of events in a given IC bin increases

proportionally with the incident flux and the interaction
rate of the incident particles with the ice nuclei relevant
to the corresponding bin energies. Since, in addition, the
FDM flux � Ã ·≠1

„ [Eq. (2) and (3)] and d‡/dy Ã G2 [Eq.
(6)], the ratio G2/·„ of the undetermined parameters G
and ·„ can be ascertained by normalising the number of
events predicted due to the FDM flux at deposited en-
ergies Edep > 1 PeV against those seen at the IC. We
find that for a reasonable decay lifetime of ·„ = 1024s,
we need to set G2 = 0.45 to obtain the 3 PeV+ events
from the FDM flux seen over the 988-day IC runtime.
The corresponding nature of the FDM extragalactic flux
is shown in Fig. 3. The bigger the value of ·„, the larger
would G need to be, to match the IC PeV+ event rate,
with the upper bound to the coupling constant and, by
consequence, the upper bound to ·„ being set by unitar-
ity limits on G.

Sub-PeV Events: Neutrinos from extra-galactic
sources

While the events corresponding to deposited energies
E

dep

> 1 PeV are accounted for by the FDM flux,
the sub-PeV events up to 400 TeV are consistent with
a power-law flux of incident particles, and are, likely,
representative of a di�use flux of neutrinos from extra-
galactic sources. The term “best-fit” has limited validity
at this point in time since given the limited statistics,
it is at present unclear if the flux is truly di�use and
extra-galactic, or a superposition of individual extended
sources or a combination of these alternatives [44]. In-
deed, using only the sub-PeV events to determine the
best-fit E≠– spectrum, we find that the IC observation
is closely matched by a more steeply falling astrophysical
flux spectrum than that in Eq. (1), i.e., the best-fit is
instead given by (Fig. 3) [45]

�
astro

= 1.21 ◊ 10≠3E≠3.0 GeV≠1 cm≠2 s≠1 sr≠1. (7)

Consequently, the astrophysical flux drops to below the
single-event threshold at energies higher than 400 TeV,
rendering it naturally consistent with the lack of events
at subsequent energies up to the PeV (see Fig. 4). The
FDM flux itself does not contribute appreciably to the
sub-PeV event-rate.
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FIG. 3. The TeV-scale di�use neutrino flux and the extra-
galactic FDM flux at PeV+ energies for decay lifetime ·„ =
1024s. The thick light-gray curve indicates the estimated con-
ventional atmospheric ‹µ + ‹̄µ flux [46].
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FIG. 4. Predicted and observed total event rates at the Ice-
Cube. The gray shaded region represents energies at which
we expect events predominantly from the DM sector. The
green line shows event-rate predictions from our best fit flux
to the sub-PeV event-rates observed at IC, with the flux given
by Eq. (7). The event rates predicted due to the IC best-fit
E≠2 flux (gray dashed line) and the observed data (red dia-
monds) are shown. The estimated atmospheric background
event-rate for each bin is shown as a yellow shaded bar.

DISCUSSION AND CONCLUSIONS

Given present-day constraints on DM, it is possible
that it may not be WIMP-like and thermal in nature. In
the scenario proposed in this paper, we have focussed on
the possible direct detection of high energy DM particles.
Such particles cannot form the bulk of DM, which must
be non-relativistic, but may be a small but detectable

Flux of the 𝜒………

Galactic flux is a delta function and is not shown 
here.

EG flux does not contribute to sub-PeV events

( Atri 
Bhattacharya, 
RG and  Aritra 
Gupta, arXiv 
1407.3280) 



4

Determining the normalization to the interaction
strength for ‰N æ ‰X
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with the upper bound to the coupling constant and, by
consequence, the upper bound to ·„ being set by unitar-
ity limits on G.

Sub-PeV Events: Neutrinos from extra-galactic
sources

While the events corresponding to deposited energies
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dep

> 1 PeV are accounted for by the FDM flux,
the sub-PeV events up to 400 TeV are consistent with
a power-law flux of incident particles, and are, likely,
representative of a di�use flux of neutrinos from extra-
galactic sources. The term “best-fit” has limited validity
at this point in time since given the limited statistics,
it is at present unclear if the flux is truly di�use and
extra-galactic, or a superposition of individual extended
sources or a combination of these alternatives [44]. In-
deed, using only the sub-PeV events to determine the
best-fit E≠– spectrum, we find that the IC observation
is closely matched by a more steeply falling astrophysical
flux spectrum than that in Eq. (1), i.e., the best-fit is
instead given by (Fig. 3) [45]
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= 1.21 ◊ 10≠3E≠3.0 GeV≠1 cm≠2 s≠1 sr≠1. (7)

Consequently, the astrophysical flux drops to below the
single-event threshold at energies higher than 400 TeV,
rendering it naturally consistent with the lack of events
at subsequent energies up to the PeV (see Fig. 4). The
FDM flux itself does not contribute appreciably to the
sub-PeV event-rate.
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FIG. 3. The TeV-scale di�use neutrino flux and the extra-
galactic FDM flux at PeV+ energies for decay lifetime ·„ =
1024s. The thick light-gray curve indicates the estimated con-
ventional atmospheric ‹µ + ‹̄µ flux [46].
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FIG. 4. Predicted and observed total event rates at the Ice-
Cube. The gray shaded region represents energies at which
we expect events predominantly from the DM sector. The
green line shows event-rate predictions from our best fit flux
to the sub-PeV event-rates observed at IC, with the flux given
by Eq. (7). The event rates predicted due to the IC best-fit
E≠2 flux (gray dashed line) and the observed data (red dia-
monds) are shown. The estimated atmospheric background
event-rate for each bin is shown as a yellow shaded bar.

DISCUSSION AND CONCLUSIONS

Given present-day constraints on DM, it is possible
that it may not be WIMP-like and thermal in nature. In
the scenario proposed in this paper, we have focussed on
the possible direct detection of high energy DM particles.
Such particles cannot form the bulk of DM, which must
be non-relativistic, but may be a small but detectable
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The corresponding nature of the FDM extragalactic flux
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consequence, the upper bound to ·„ being set by unitar-
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While the events corresponding to deposited energies
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> 1 PeV are accounted for by the FDM flux,
the sub-PeV events up to 400 TeV are consistent with
a power-law flux of incident particles, and are, likely,
representative of a di�use flux of neutrinos from extra-
galactic sources. The term “best-fit” has limited validity
at this point in time since given the limited statistics,
it is at present unclear if the flux is truly di�use and
extra-galactic, or a superposition of individual extended
sources or a combination of these alternatives [44]. In-
deed, using only the sub-PeV events to determine the
best-fit E≠– spectrum, we find that the IC observation
is closely matched by a more steeply falling astrophysical
flux spectrum than that in Eq. (1), i.e., the best-fit is
instead given by (Fig. 3) [45]
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Consequently, the astrophysical flux drops to below the
single-event threshold at energies higher than 400 TeV,
rendering it naturally consistent with the lack of events
at subsequent energies up to the PeV (see Fig. 4). The
FDM flux itself does not contribute appreciably to the
sub-PeV event-rate.
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FIG. 3. The TeV-scale di�use neutrino flux and the extra-
galactic FDM flux at PeV+ energies for decay lifetime ·„ =
1024s. The thick light-gray curve indicates the estimated con-
ventional atmospheric ‹µ + ‹̄µ flux [46].
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FIG. 4. Predicted and observed total event rates at the Ice-
Cube. The gray shaded region represents energies at which
we expect events predominantly from the DM sector. The
green line shows event-rate predictions from our best fit flux
to the sub-PeV event-rates observed at IC, with the flux given
by Eq. (7). The event rates predicted due to the IC best-fit
E≠2 flux (gray dashed line) and the observed data (red dia-
monds) are shown. The estimated atmospheric background
event-rate for each bin is shown as a yellow shaded bar.

DISCUSSION AND CONCLUSIONS

Given present-day constraints on DM, it is possible
that it may not be WIMP-like and thermal in nature. In
the scenario proposed in this paper, we have focussed on
the possible direct detection of high energy DM particles.
Such particles cannot form the bulk of DM, which must
be non-relativistic, but may be a small but detectable

Fits………

( Atri 
Bhattacharya, 
RG and  Aritra 
Gupta, arXiv 
1407.3280) 



How does one discriminate this scenario from other 
proposals?

Like some  proposals,  
                          (Feldstein et al, Esmaili et al, Ema et al, Anchordoqui et              

al, Ng et al, Stecker et al, Learned et al) 

this explains the absence of events beyond 2.1 PeV. 

Like some other decaying DM proposals, this explains the  clustering of 
events in the 1-3 PeV range

In this scenario, the gap between 400 TeV and 1 PeV is physical, because 
it reflects a break between 2 fluxes of different origins

Discriminators………

( Atri Bhattacharya, RG and  Aritra Gupta, arXiv 1407.3280) 



High Energy Cosmic Rays.......



LHC 

IceCube'present'and'future'/'Olga'Botner' 5'2015:05:03'

THE ν SPECTRUM 

•  atmospheric ν’s dominate < 100 TeV 
•  astrophysical ν’s (perhaps) > 100 TeV 

 Greisen-Zatsepin-Kuzmin 
 cosmogenic ν’s 

•  produced  
   < 100 Mpc from source 
 
•  carry information on 

•  location   
•  cosmological  
    evolution of  
the UHE CR sources 

!  many model uncertainties 
     and constraints 

p+γCMB → Δ+ →  nπ
+ → nµν%

pπ0 → γ γ%

”guaranteed” flux 

100 
νµ events  
per km2yr 

WB bound 
Astrophysical ν’s 
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What signal are UHE neutrino detectors looking for?…….



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 (Mpc) without 
interacting in-between. 

 c) bring information which can be directly related to source

Neutrinos…………..



ANITA%II&

� ANITA%II:&31&days&at&float,&>70%&in&radio%
quiet&conditions

� Collected&3x&as&much&data&as&ANITA%I
� Angular&resolution&~50%&better

� ���������
����
���	������������

Pisin&Chen,&Trieste,&June&2011&&&&

� Predicted&sensitivity&
increase&verified&by&in%
flight&calibration&(pulsers
+&cosmic&srcs)

19

 ANITA Detector

ANITA%as%a%UHECR%telescope?

� If%hypothesis%of%UHECR%radio%signals%is%correct,%direct%events%
have%much%less%acceptance%than%reflected
� Reflected%events%can%come%from%a%wide%range%of%angles
� Direct%events%have%only%a%narrow%stripe%near%the%horizon

�UHECR%energy%spectrum%wellCmeasured,%so%test%this%
with%a%simulation

Pisin%Chen,%Trieste,%June%2011%%%%

direct
reflected

ANITA

16

Balloon experiment, using Askaryan  effect

Ice is transparent to Cerenkov emission 
due to EM shower in radio range

Threshold 10^18 eV, but target volume is 1 
million cubic km of ice!



 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)



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

Parameter Best Fit Error Constrained Range

Na 0 8.9⇥ 10�9 GeV
cm2 s sr

(90% U.L.) N/A

1 + �p 0 0.73 (90% U.L.) N/A

1 + �c 0.96 ±0.096 ±0.25

�⇥ �0.032 ±0.014 ±0.03

⇤ +2% ±8.3% ±8.3%

be(⌅ = 405nm) Nominal ±10% ±10%

a(⌅ = 405nm) Nominal ±10% ±10%
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FIG. 10. Upper limits on an astrophysical ⇧µ flux with an E�2 spectrum are shown along with theoretical model predictions of
di⇥use astrophysical muon neutrinos from di⇥erent sources. The astrophysical E�2 ⇧µ upper limits shown are from AMANDA-
II [40], ANTARES [41], and the current work. The atmospheric ⇧µ 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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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



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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[Pierre Auger Collaboration, Phys. Rev. Lett. 104 (2010) 091101]

[HiRes Collaboration, Phys. Rev. Lett. 104 (2010) 161101]

and          RMS(�Xmax⇥)�Xmax⇥

11Tuesday, June 21, 2011
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IceCube#UHE#Sensitivity#201062012#

� Significantly#improved#
from#the#previous#

IceCube#results#

#

� ������	��
���
��
sensitivity!#

#

� Will#constrain#(or#
detect)#the#neutrino#

fluxes#down#to#mid6

strong#cosmological#

evolution#models#

The latest from ICECUBE......more stringent bounds.......

A. Ishihara, Neutrino 2012 Icecube talk



the origin  of these two events is at present not clear, and is  
currently under study



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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High-energy events in IceCube-40

~100 TeV �� induced muon

~ EeV air shower



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



Doug Cowen NuSky June 2011

IceCube Status: Fully Constructed!

Digital Optical 
Module (DOM)

4



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] 

3.5� � 8�

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

Pierre Auger Collaboration ! 20�

(depending on experiment normalization)
!

!

!

4Tuesday, June 21, 2011
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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

Galactic

Extra*Galactic



CR EAS Detector Identification ID e⇥ciency Results

Cosmic rays

CM energy

Elab[eV] ECM[TeV] Exp

1014 0.8 SPS

1015 2 Tevatr.

1016 7 LHC

1017 14 LHC?

2 / 51



CR EAS Detector Identification ID e⇥ciency Results

Atmospheric showers initiated by neutrinos

10 / 51



Inferring the Spectral Shape of Diffuse UHE fluxes . . .

In the standard scenario, neutrinos from pion decay have the
flavour content νe : νµ : ντ = 1 : 2 : 0. With
Losc = 4πEν

∆m2 ∼ 2.5 × 10−24 E
1eV Mpc, oscillations over

cosmological length scales average out and give a flavour
content at Earth νe : νµ : ντ = 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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W� in �̄ee

(1)
d⇤(�̄ee ⇥ �̄µµ)

dy
=

G2
FmE�

2⇥

4(1� y)2[1� (µ2 �m2)/2mE� ]2

(1� 2mE�/M2
W )2 + �2

W /M2
W

,

and

(2)
d⇤(�̄ee ⇥ hadrons)

dy
=

d⇤(�̄ee ⇥ �̄µµ)

dy
· �(W ⇥ hadrons)

�(W ⇥ µ�̄µ)
,

1

GR Xsecs.....

Lab frame,  m= electron mass,  y= E_mu/E_nu
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Table 1. default

Reaction ⇥ [cm

2
]

�µe ! �µe 5.86⇥ 10

�36

�̄µe ! �̄µe 5.16⇥ 10

�36

�µe ! µ�e 5.42⇥ 10

�35

�ee ! �ee 3.10⇥ 10

�35

�̄ee ! �̄ee 5.38⇥ 10

�32

�̄ee ! �̄µµ 5.38⇥ 10

�32

�̄ee ! �̄�⇤ 5.38⇥ 10

�32

�̄ee ! hadrons 3.41⇥ 10

�31

�̄ee ! anything 5.02⇥ 10

�31

�µN ! µ�
+ anything 1.43⇥ 10

�33

�µN ! �µ + anything 6.04⇥ 10

�34

�̄µN ! µ+
+ anything 1.41⇥ 10

�33

�̄µN ! �̄µ + anything 5.98⇥ 10

�34

1

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

RG, Quigg, Reno and 
Sarcevic ’95


