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 • The data, to a high level of significance (about 5.7σ), indicate that above a few tens of TeV, 
the sources of the events are primarily non-atmospheric and extra-terrestrial in nature. 

 • Single power-law fit to the flux underlying the observed events  disfavors the 
expected spectral index from Fermi shock acceleration considerations, γ = −2, by more 
than 4σ.  Present best fit value of γ is  significantly steeper, being around γ = −2.58.  

 
One reason for the steeper fit is the non-observation of  about 3 to 4 additional 
events, which  are expected between 2 PeV and 10 PeV, largely due to the expected 
presence of the Glashow resonance.

 Features in the 1347-day HESE data..……..

 •  Directional analyses of data , at present level of statistics, is compatible with an 
isotropic diffuse flux, although several studies indicate the presence of a small 
galactic bias.  

      More data will be able to ascertain whether the galactic bias is real, in which case it 
would imply important (and possibly new) underlying physics.  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 Features in the 1347-day HESE data..……..

 • The three highest energy events, with the estimated (central value) of the deposited 
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 cascade events between 
roughly 400 TeV and 1 PeV. 

 • At lower energies, in the approximate range of 50–100TeV, there appears to be an 
excess, with a bump-like feature. The maximum local significance of this excess is 
about 2.3σ. 

 • Finally, the data when interpreted as being due to a single astrophysical 
power-law neutrino flux, appears to require an unusually high normalization for 
this flux, which is at the level of the Waxman-Bahcall (WB) bound.  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Bhattacharya, RG, Gupta JCAP 1503 (2015), 027 (1407.3280) 

 Premise……..

 Explore its consequences……..

Study the implications of the premise that any new, relativistic, 
highly energetic neutral particle that interacts with quarks and 
gluons would create cascade-like events in the IceCube (IC) 
detector.  

Such events would be observationally indistinguishable from 
neutral current deep-inelastic (DIS) scattering events due to 
neutrinos. 

 Consequently, one reason for deviations, breaks or excesses in 
the expected astrophysical power-law neutrino spectrum could 
be the flux of such a particle.  
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2.2 Spin-1 mediators

The e�ective interaction Lagrangian involving a spin-1 mediator, Z Õ, to SM fermions f and
the LDM ‰ can be written as follows:
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If the Z Õ couples to charged leptons, there are strong upper bounds on its mass from

collider searches for dilepton resonances from the LHC. In order to avoid them, we assume
the leptonic couplings to be absent. In a minimal scenario with only the SM Higgs dou-
blet giving mass to all the SM fermions, we encounter further relations from U(1)Õ gauge
invariance (here, Z Õ is the gauge field corresponding to the U(1)Õ gauge interaction) on the
coupling coe�cients to quarks and leptons [133]. This is because if left and right handed
SM fermions have di�erent charges under the new gauge group, the SM Higgs doublet
needs to be charged under U(1)Õ as well. Thus, when a single Higgs doublet gives rise to
the mass of both SM quarks and charged leptons, if the quarks are charged under U(1)Õ, so
would be the leptons. However, such constraints can be avoided in a non-minimal scenario,
for example in a two Higgs doublet model, where di�erent Higgs bosons are responsible for
giving mass to quarks and leptons, thereby making their U(1)Õ charges uncorrelated. We
keep in view such considerations related to ultra-violet completion for this study, although
we do not fully flesh out their consequences.

2.3 Constraints on the couplings and the mass parameters
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Figure 1: The interactions corresponding to „ decay (left), mediator decay (centre) and
‰q scattering (right) involving a generic mediator, along with relevant coupling constants.
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 The relevant interactions and fluxes……..

1. Flux-1: An underlying power-law flux of astrophysical neutrinos, ΦAst = NAstE−γ, 
whose normalization (NAst) and index (γ) are left free.  

2. Flux-2: A flux of boosted light dark matter (LDM) particles (χ), which results from 
the late-time decay of a heavy dark matter (HDM) particle (φ). When χ is much lighter 
than φ, its scattering in IC resembles the NC DIS scattering of an energetic neutrino, 
giving rise to cascade-like events.  

3. Flux-3: The flux of secondary neutrinos resulting from three-body decay of the HDM, 
where a mediator particle is radiated off a daughter LDM particle. The mediator then 
subsequently decays to SM particles, producing neutrinos down the decay chain. Since the 
NC DIS scattering that results from Flux-2 requires a mediator particle which couples to 
both the LDM and the SM quarks, such a secondary neutrino flux is always present.  

4. Flux-4: The conventional, fixed, and well-understood, atmospheric neutrino and muon 
background flux, which is adapted from IC analyses.  

Kopp, Liu and Wang,JHEP 1504 (2015) 105 , arXiv:1503.02669



In Scenario I, the three highest energy PeV events, which are 
cascades characterized by energy depositions (central values) of 
1.04 PeV, 1.14 PeV and 2.0 PeV, are assumed to be due to Flux-2 
above, requiring an HDM mass of O(5) PeV. Both Flux-1 and Flux-3 
contribute to account for rest of the HESE events, including the 
small bump-like excess in the 30 − 100 TeV range. This scenario, in 
a natural manner, allows for the presence of a gap, or break in the 
spectrum between 400 TeV to 1 PeV. 
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Figure 3: Relevant fluxes that contribute towards the PeV and the sub-PeV events in
Scenario I. The galactic ‰ flux is not shown since it originates from the two body decay of
„, and is given by the simple form in Eq. 3.3, unlike the extra-galactic flux, which exhibits
a z dependance. The values of parameters used to calculate the fluxes are given in Table.
1.

As discussed previously, in Scenario I, the sub-PeV events depend on the mediator mass
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events as arising from two-body decay of the „ to ‰‰̄ using gives us m

„

ƒ 5.3 PeV. A major
fraction of the sub-PeV events arise from the secondary neutrino flux, and for this we carry
out calculations in two di�erent kinematic regions:a) where the mediator mass lies above
the bb̄ production threshold, and b) where it lies below this threshold, making cc̄ the main
decay mode. The results for best fits to the data using events from all of the above fluxes,
and considering both kinematic regions, are shown in Fig. 4. The solid red line represents
the total of the contributions from the various fluxes, and we find that it provides a good
description to the data across the energy range of the sample. The best fit values of the
parameters are given in Table 1. The corresponding normalisation of the astrophysical flux
is shown in terms of the flux at the 100 TeV bin Ñ

Ast

= E2�
Ast

|
100 TeV

GeV cm≠2 s≠1 sr≠1.
We note the following features of Fig 4, which also conform to emergent features of IC

data:

• The secondary neutrino event spectrum has a shape that would allow it to account
for a ‘bump’, or excess, such as presently seen in the vicinity of 30–100 TeV.

• The astrophysical neutrino contribution, especially in the bb̄ case, is not a major
component. This is unlike the standard situation where only astrophysical neutrinos
account for events beyond 30 TeV, requiring a flux very close to the Waxman-Bahcall
bound.

• A dip in the region 400–1000 TeV occurs naturally due to the presence of fluxes of
di�erent origin in this region.
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 Example case of pseudo scalar mediator.. ……..
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Constraints and other considerations ……..

The IC event rate from LDM DIS scattering, for a given choice of mediator mass, is 
determined by the quantity F = fφgq2gχ2/τφ.  

Couplings should be perturbative, gχ,q < 4π.  

τφ ︎> 4.35 × 1017 seconds (lifetime of Universe) and fφ < 1 

bound, F < ︎ 5.7 × 10−14 s−1.  

If the value of F exceeds this maximum, the couplings will not be perturbative, or the HDM 
would have decayed too quickly to have an appreciable density in the present Universe.  

 PeV events from DM scattering.. ……..

 Secondary flux..…….. 
Proportional to gχ2 (again, in the limit where the two-body decay width is much 

larger than the three-body width). It is also inversely proportional to the life-time 
of the HDM, τφ.  

A typical value that occurs in the fits is, for instance, F = 10−26 s−1, and using this leads to a 
lower bound gqgχ = ︎ 6.6 × 10−5. Assuming, for simplicity, gq ∼ gχ = g, each coupling should thus be 

greater than about 8 × 10−3.  
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Constraints and other considerations ……..
The relic density of χ,  fχ = Ωχ/ΩDM, is not of direct relevance to our study, as 
long as it does not overclose the Universe 

if fχ is significant, the spin-independent direct detection bounds on the scalar and 
vector interactions are very strong, though not for pseudo-scalar. 

It is possible to dilute the density  by increasing gχ, and restricting to values of mχ > 
mM , such that the dominant annihilation mode of χ is to the mediator pair, which can 
then decay to the SM fermions even via a small gq.   (F = fφgq2gχ2/τφ.) 

(The IC event rates do not depend upon mχ as long as it is significantly smaller than 
the HDM mass ) 
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Constraints and other considerations ……..

Collider constraints are sensitive to the interplay of several couplings and mass 
parameters relevant to our study, specifically, gq, gχ, mχ and mM .  

A scalar or pseudo-scalar mediator particle which dominantly couples to heavy fermions 
can be produced in association with one or two b-quarks (involving the parton level 
processes g b( b) → b( b) S/A and g g → b b S/A respectively) further to an LDM pair 
S/A → χχ.  

In case, mχ > mS/A, the (pseudo-)scalar would decay back to the SM fermion pairs, 
thereby making the search considerably harder due to large SM backgrounds.  

Respecting all collider constraints, require   gqgχ ︎< O(0.1), which is well satisfied in our 
work. 

M. R. Buckley, D. Feld and D. Goncalves, Scalar Simplified Models for Dark Matter, Phys. Rev. D91 (2015) 
015017, [1410.6497].  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Constraints and other considerations ……..
Figure 7: Plot showing allowed regions satisfying gamma ray constraints in the case when
pseudoscalar mediator decays to bb̄ (Left) and to cc̄ (Right). Regions above the red line
are constrained by observations of the di�use gamma ray flux.

a → b bTotal γ-ray flux

Fermi

Kascade

Grapes3

E
γ2
 d
Φ

/
 d

E
γ
  
[c

m
-
2
 s

-
1
 s

r
-
1
 G

e
V

]

10
−11

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

Eγ [GeV]

10 100 1000 10
4

10
5

10
6

10
7

10
8

a → c cTotal γ-ray flux

Fermi

Kascade

Grapes3

E
γ2
 d
Φ

/
 d

E
γ
  
[c

m
-
2
 s

-
1
 s

r
-
1
 G

e
V

]

10
−11

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

Eγ [GeV]

10 100 1000 10
4

10
5

10
6

10
7

10
8

Figure 8: Di�use gamma-ray flux for the best-fit parameter choice in the pseudo-scalar medi-
ator scenario, where the mediator a dominantly decays to bb̄ (left) and cc̄ (right). The current
constraints from Fermi-LAT data [127] at lower energies, and cosmic ray air shower experiment
(KASCADE [128] and GRAPES-3 [129]) data at higher energies are also shown.

best fit parameter points are shown in Fig. 8. They are compared with both the Fermi-
LAT data [127] at lower energies, and cosmic ray air shower experiment (KASCADE [128]
and GRAPES-3 [129]) data at higher energies. These constraints significantly restrict the
available parameter-space, and, indeed, our best-fit values for the N

DM

lie in a disfavoured
region. We find, however, that a reasonable region of the allowed 3‡ parameters-space is
nonetheless consistent with these constraints, and that the allowed region for bb̄ is larger
than that for cc̄. Fig. 7 reflects these conclusions.

– 20 –
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• Over the present exposure period, no HESE events are expected in the region beyond
2–3 PeV, since the only contributing flux here is the astrophysical flux, which is
significantly lower in this scenario as opposed to the IC best-fits. With more exposure,
some astrophysical events can be expected to show up in this region.
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Figure 4: Best-fit events (stacked bars) from a combination of secondary ‹’s, astrophysical
‹’s and background in the sub-PeV energies, with LDM events explaining the PeV+ events.
The best-fit value of mbf

„

= 5.34 PeV. Left: Decays to bb̄. Right: The mediator mass
limited to below bb̄ production threshold, so that it can dominantly decay only to cc̄ pairs.

3.1.1 Parameter correlation analyses

It is useful to examine the parameter space for Scenario I allowed by IC data. We use
the case of a pseudo-scalar mediator as representative, and examine the correlations and
degeneracies between the parameters. We give contour plots between pairs of parameters
for each of the LDM decay scenarios considered above, i.e. for decay to bb̄ and to cc̄. Noting
that the sub-PeV events in the HESE sample that do not have their origin in the atmosphere
are, in our scenario, either from the secondary neutrino flux or from the astrophysical
(power-law) neutrino flux, we denote the total number (in the 1347-day sample) of the
former by N

DM

, and that of the latter by N
Ast

.
For each case we start with the best-fit values obtained in the previous section for each

of the parameters in the set: {N
DM

, m
a

, N
Ast

, “, m
„

, g
q

}. We note that N
DM

is proportional
to (f

„

g2

‰

)/·
„

, whereas the primary DM component of the event spectrum, coming from
‰ scattering o� ice nuclei at PeV energies is related to m

„

, f
„

(g
‰

g
q

)2/·
„

and m
a

. For
a fixed “, specifying the N

Ast

is tantamount to specifying the overall astrophysical flux
normalisation A in the uniform power-law spectrum �

Ast

= AE≠“ .
The total number of signal events observed in the 1347-day IC sample is 35 at its best-

fit value, with a 1‡ (3‡) variation of 29–42 (20–57). This assumes the conventional atmo-
spheric background is at the expected best-fit, and the prompt background is zero. Selecting
two parameters for each analysis, we vary their values progressively from their best-fits,
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 Example case of pseudo scalar mediator.. ……..Fitting IC data
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Features accounted for by Scenario I ……..

 • The secondary neutrino event spectrum has a shape that 
would allow it to naturally account for a ‘bump’, or excess, 
in the vicinity of 30–100 TeV.  

 • The astrophysical neutrino contribution, especially in the 
b ̄b case, is not a dominant component. Proximity to the 
WB bound is not an issue 

 • A dip in the region 400–1000TeV occurs naturally due to 
the presence of fluxes of different origin in this region.  
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Figure 3: Relevant fluxes that contribute towards the PeV and the sub-PeV events in
Scenario I. The galactic ‰ flux is not shown since it originates from the two body decay of
„, and is given by the simple form in Eq. 3.3, unlike the extra-galactic flux, which exhibits
a z dependance. The values of parameters used to calculate the fluxes are given in Table.
1.

As discussed previously, in Scenario I, the sub-PeV events depend on the mediator mass
m
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. The three PeV events, on the other
hand depend on m
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and as well as on m
„

. Treating the PeV
events as arising from two-body decay of the „ to ‰‰̄ using gives us m

„

ƒ 5.3 PeV. A major
fraction of the sub-PeV events arise from the secondary neutrino flux, and for this we carry
out calculations in two di�erent kinematic regions:a) where the mediator mass lies above
the bb̄ production threshold, and b) where it lies below this threshold, making cc̄ the main
decay mode. The results for best fits to the data using events from all of the above fluxes,
and considering both kinematic regions, are shown in Fig. 4. The solid red line represents
the total of the contributions from the various fluxes, and we find that it provides a good
description to the data across the energy range of the sample. The best fit values of the
parameters are given in Table 1. The corresponding normalisation of the astrophysical flux
is shown in terms of the flux at the 100 TeV bin Ñ

Ast

= E2�
Ast

|
100 TeV

GeV cm≠2 s≠1 sr≠1.
We note the following features of Fig 4, which also conform to emergent features of IC

data:

• The secondary neutrino event spectrum has a shape that would allow it to account
for a ‘bump’, or excess, such as presently seen in the vicinity of 30–100 TeV.

• The astrophysical neutrino contribution, especially in the bb̄ case, is not a major
component. This is unlike the standard situation where only astrophysical neutrinos
account for events beyond 30 TeV, requiring a flux very close to the Waxman-Bahcall
bound.

• A dip in the region 400–1000 TeV occurs naturally due to the presence of fluxes of
di�erent origin in this region.
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Figure 4. Best-fit events (stacked bars) from a combination of secondary ‹’s, astrophysical ‹’s and
background in the sub-PeV energies, with LDM events explaining the PeV+ events. The best-fit
value of m„ = 5.34 PeV. Left: decays to bb̄. Right: the mediator mass limited to below bb̄ production
threshold, so that it can dominantly decay only to cc̄ pairs.

as arising from two-body decay of the „ to ‰‰̄ using gives us m„ ƒ 5.3 PeV. A major
fraction of the sub-PeV events arise from the secondary neutrino flux, and for this we carry
out calculations in two di�erent kinematic regions: a) where the mediator mass lies above
the bb̄ production threshold, and b) where it lies below this threshold, making cc̄ the main
decay mode. The results for best fits to the data using events from all of the above fluxes,
and considering both kinematic regions, are shown in figure 4. The solid red line represents
the total of the contributions from the various fluxes, and we find that it provides a good
description to the data across the energy range of the sample. The best fit values of the
parameters are given in table 1. The corresponding normalisation of the astrophysical flux
is shown in terms of the flux at the 100 TeV bin ÑAst = E2�Ast|100 TeV GeV cm≠2 s≠1 sr≠1.

We note the following features of figure 4, which also conform to emergent features of
IC data:

• The secondary neutrino event spectrum has a shape that would allow it to account for
a ‘bump’, or excess, such as presently seen in the vicinity of 30–100 TeV.

• The astrophysical neutrino contribution, especially in the bb̄ case, is not a major compo-
nent. This is unlike the standard situation where only astrophysical neutrinos account
for events beyond 30 TeV, requiring a flux very close to the Waxman-Bahcall bound.

• A dip in the region 400–1000 TeV occurs naturally due to the presence of fluxes of
di�erent origin in this region.

• Over the present exposure period, no HESE events are expected in the region beyond
2–3 PeV, since the only contributing flux here is the astrophysical flux, which is signifi-
cantly lower in this scenario as opposed to the IC best-fits. With more exposure, some
astrophysical events can be expected to show up in this region.
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Features accounted for by Scenario I …….. (contd)
Extra-galactic χ flux

Galactic Flux (secondary ν)

Extra-galactic flux (secondary ν)

Astrophysical flux

E
2
 d
Φ

 /
 d

E
  
[G

e
V

 c
m

-
2
 s

-
1
 s

r
 -

1
]

10
−12

10
−9

10
−6

10
−3

E [GeV]

1000 10
4

10
5

10
6

10
7

Figure 3: Relevant fluxes that contribute towards the PeV and the sub-PeV events in
Scenario I. The galactic ‰ flux is not shown since it originates from the two body decay of
„, and is given by the simple form in Eq. 3.3, unlike the extra-galactic flux, which exhibits
a z dependance. The values of parameters used to calculate the fluxes are given in Table.
1.
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out calculations in two di�erent kinematic regions:a) where the mediator mass lies above
the bb̄ production threshold, and b) where it lies below this threshold, making cc̄ the main
decay mode. The results for best fits to the data using events from all of the above fluxes,
and considering both kinematic regions, are shown in Fig. 4. The solid red line represents
the total of the contributions from the various fluxes, and we find that it provides a good
description to the data across the energy range of the sample. The best fit values of the
parameters are given in Table 1. The corresponding normalisation of the astrophysical flux
is shown in terms of the flux at the 100 TeV bin Ñ
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data:

• The secondary neutrino event spectrum has a shape that would allow it to account
for a ‘bump’, or excess, such as presently seen in the vicinity of 30–100 TeV.

• The astrophysical neutrino contribution, especially in the bb̄ case, is not a major
component. This is unlike the standard situation where only astrophysical neutrinos
account for events beyond 30 TeV, requiring a flux very close to the Waxman-Bahcall
bound.

• A dip in the region 400–1000 TeV occurs naturally due to the presence of fluxes of
di�erent origin in this region.
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Figure 4. Best-fit events (stacked bars) from a combination of secondary ‹’s, astrophysical ‹’s and
background in the sub-PeV energies, with LDM events explaining the PeV+ events. The best-fit
value of m„ = 5.34 PeV. Left: decays to bb̄. Right: the mediator mass limited to below bb̄ production
threshold, so that it can dominantly decay only to cc̄ pairs.

as arising from two-body decay of the „ to ‰‰̄ using gives us m„ ƒ 5.3 PeV. A major
fraction of the sub-PeV events arise from the secondary neutrino flux, and for this we carry
out calculations in two di�erent kinematic regions: a) where the mediator mass lies above
the bb̄ production threshold, and b) where it lies below this threshold, making cc̄ the main
decay mode. The results for best fits to the data using events from all of the above fluxes,
and considering both kinematic regions, are shown in figure 4. The solid red line represents
the total of the contributions from the various fluxes, and we find that it provides a good
description to the data across the energy range of the sample. The best fit values of the
parameters are given in table 1. The corresponding normalisation of the astrophysical flux
is shown in terms of the flux at the 100 TeV bin ÑAst = E2�Ast|100 TeV GeV cm≠2 s≠1 sr≠1.

We note the following features of figure 4, which also conform to emergent features of
IC data:

• The secondary neutrino event spectrum has a shape that would allow it to account for
a ‘bump’, or excess, such as presently seen in the vicinity of 30–100 TeV.

• The astrophysical neutrino contribution, especially in the bb̄ case, is not a major compo-
nent. This is unlike the standard situation where only astrophysical neutrinos account
for events beyond 30 TeV, requiring a flux very close to the Waxman-Bahcall bound.

• A dip in the region 400–1000 TeV occurs naturally due to the presence of fluxes of
di�erent origin in this region.

• Over the present exposure period, no HESE events are expected in the region beyond
2–3 PeV, since the only contributing flux here is the astrophysical flux, which is signifi-
cantly lower in this scenario as opposed to the IC best-fits. With more exposure, some
astrophysical events can be expected to show up in this region.
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• Over the present exposure period, no HESE events 
are expected in the region beyond 2–3 PeV, since 
the only contributing flux here is the astrophysical 
flux, which is significantly lower in this scenario as 
opposed to the IC best-fits. With more exposure, 
some astrophysical events can be expected to show 
up in this region.  
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Abstract

Utilizing the Fermi measurement of the gamma-ray spectrum toward the Galactic Center, 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/positions 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 derived in this work on DM decays to b b̄,
as compared to previously 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 decay 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 tension with our gamma-ray results. The red
dotted line provides a limit if we assume a combination of
DM decay and astrophysical 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
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We also note that recent 
constraints on decaying 
DM for masses from ∼400 
MeV to ∼107 GeV by 
performing an analysis of 
Fermi gamma-ray data 
from 200 MeV to 2 TeV 
are evaded because they 
apply to DM decaying to 
SM particles. 
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arXiv: 
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Testable Predictions from  Scenario I ……..

Expect to see a gradual statistical improvement in the evidence for a dip-like 
structural feature around 400–800TeV, since this region marks the interface of 
fluxes of different origins.  

Improvement in statistics for bump like feature in the 30-100 TeV region. 

Expect a paucity of events beyond 2.1 PeV, due to a significantly lower 
astrophysical flux compared to current IC predictions. 

  A PeV event spectrum predominantly from LDM scattering (due to HDM decay) 
predicts i) a significantly enhanced ratio of cascade-to-track events 
approximately in the (0.75–2.5 PeV) region, 

 ii) a build-up in the number of such cascade events in this region as the HDM 
decay and LDM scattering proceed, and  

iii) a small but non-zero number of up-going cascades in this energy region over 
time from the northern hemisphere compared to the case where these events 
would have been due to a neutrino flux (because of the relatively lower χ-nucleon 
cross section and consequent reduced screening by the earth). 
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Figure 3: Relevant fluxes that contribute towards the PeV and the sub-PeV events in
Scenario I. The galactic ‰ flux is not shown since it originates from the two body decay of
„, and is given by the simple form in Eq. 3.3, unlike the extra-galactic flux, which exhibits
a z dependance. The values of parameters used to calculate the fluxes are given in Table.
1.

As discussed previously, in Scenario I, the sub-PeV events depend on the mediator mass
m
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, the ratio f
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and on the HDM mass m
„

. The three PeV events, on the other
hand depend on m

a

, the ratio F = f
„

g2

‰

g2

q

/·
„

and as well as on m
„

. Treating the PeV
events as arising from two-body decay of the „ to ‰‰̄ using gives us m

„

ƒ 5.3 PeV. A major
fraction of the sub-PeV events arise from the secondary neutrino flux, and for this we carry
out calculations in two di�erent kinematic regions:a) where the mediator mass lies above
the bb̄ production threshold, and b) where it lies below this threshold, making cc̄ the main
decay mode. The results for best fits to the data using events from all of the above fluxes,
and considering both kinematic regions, are shown in Fig. 4. The solid red line represents
the total of the contributions from the various fluxes, and we find that it provides a good
description to the data across the energy range of the sample. The best fit values of the
parameters are given in Table 1. The corresponding normalisation of the astrophysical flux
is shown in terms of the flux at the 100 TeV bin Ñ

Ast

= E2�
Ast

|
100 TeV

GeV cm≠2 s≠1 sr≠1.
We note the following features of Fig 4, which also conform to emergent features of IC

data:

• The secondary neutrino event spectrum has a shape that would allow it to account
for a ‘bump’, or excess, such as presently seen in the vicinity of 30–100 TeV.

• The astrophysical neutrino contribution, especially in the bb̄ case, is not a major
component. This is unlike the standard situation where only astrophysical neutrinos
account for events beyond 30 TeV, requiring a flux very close to the Waxman-Bahcall
bound.

• A dip in the region 400–1000 TeV occurs naturally due to the presence of fluxes of
di�erent origin in this region.
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Figure 4. Best-fit events (stacked bars) from a combination of secondary ‹’s, astrophysical ‹’s and
background in the sub-PeV energies, with LDM events explaining the PeV+ events. The best-fit
value of m„ = 5.34 PeV. Left: decays to bb̄. Right: the mediator mass limited to below bb̄ production
threshold, so that it can dominantly decay only to cc̄ pairs.

as arising from two-body decay of the „ to ‰‰̄ using gives us m„ ƒ 5.3 PeV. A major
fraction of the sub-PeV events arise from the secondary neutrino flux, and for this we carry
out calculations in two di�erent kinematic regions: a) where the mediator mass lies above
the bb̄ production threshold, and b) where it lies below this threshold, making cc̄ the main
decay mode. The results for best fits to the data using events from all of the above fluxes,
and considering both kinematic regions, are shown in figure 4. The solid red line represents
the total of the contributions from the various fluxes, and we find that it provides a good
description to the data across the energy range of the sample. The best fit values of the
parameters are given in table 1. The corresponding normalisation of the astrophysical flux
is shown in terms of the flux at the 100 TeV bin ÑAst = E2�Ast|100 TeV GeV cm≠2 s≠1 sr≠1.

We note the following features of figure 4, which also conform to emergent features of
IC data:

• The secondary neutrino event spectrum has a shape that would allow it to account for
a ‘bump’, or excess, such as presently seen in the vicinity of 30–100 TeV.

• The astrophysical neutrino contribution, especially in the bb̄ case, is not a major compo-
nent. This is unlike the standard situation where only astrophysical neutrinos account
for events beyond 30 TeV, requiring a flux very close to the Waxman-Bahcall bound.

• A dip in the region 400–1000 TeV occurs naturally due to the presence of fluxes of
di�erent origin in this region.

• Over the present exposure period, no HESE events are expected in the region beyond
2–3 PeV, since the only contributing flux here is the astrophysical flux, which is signifi-
cantly lower in this scenario as opposed to the IC best-fits. With more exposure, some
astrophysical events can be expected to show up in this region.
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Figure 3: Relevant fluxes that contribute towards the PeV and the sub-PeV events in
Scenario I. The galactic ‰ flux is not shown since it originates from the two body decay of
„, and is given by the simple form in Eq. 3.3, unlike the extra-galactic flux, which exhibits
a z dependance. The values of parameters used to calculate the fluxes are given in Table.
1.
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ƒ 5.3 PeV. A major
fraction of the sub-PeV events arise from the secondary neutrino flux, and for this we carry
out calculations in two di�erent kinematic regions:a) where the mediator mass lies above
the bb̄ production threshold, and b) where it lies below this threshold, making cc̄ the main
decay mode. The results for best fits to the data using events from all of the above fluxes,
and considering both kinematic regions, are shown in Fig. 4. The solid red line represents
the total of the contributions from the various fluxes, and we find that it provides a good
description to the data across the energy range of the sample. The best fit values of the
parameters are given in Table 1. The corresponding normalisation of the astrophysical flux
is shown in terms of the flux at the 100 TeV bin Ñ

Ast
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Ast
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GeV cm≠2 s≠1 sr≠1.
We note the following features of Fig 4, which also conform to emergent features of IC

data:

• The secondary neutrino event spectrum has a shape that would allow it to account
for a ‘bump’, or excess, such as presently seen in the vicinity of 30–100 TeV.

• The astrophysical neutrino contribution, especially in the bb̄ case, is not a major
component. This is unlike the standard situation where only astrophysical neutrinos
account for events beyond 30 TeV, requiring a flux very close to the Waxman-Bahcall
bound.

• A dip in the region 400–1000 TeV occurs naturally due to the presence of fluxes of
di�erent origin in this region.
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Figure 4. Best-fit events (stacked bars) from a combination of secondary ‹’s, astrophysical ‹’s and
background in the sub-PeV energies, with LDM events explaining the PeV+ events. The best-fit
value of m„ = 5.34 PeV. Left: decays to bb̄. Right: the mediator mass limited to below bb̄ production
threshold, so that it can dominantly decay only to cc̄ pairs.

as arising from two-body decay of the „ to ‰‰̄ using gives us m„ ƒ 5.3 PeV. A major
fraction of the sub-PeV events arise from the secondary neutrino flux, and for this we carry
out calculations in two di�erent kinematic regions: a) where the mediator mass lies above
the bb̄ production threshold, and b) where it lies below this threshold, making cc̄ the main
decay mode. The results for best fits to the data using events from all of the above fluxes,
and considering both kinematic regions, are shown in figure 4. The solid red line represents
the total of the contributions from the various fluxes, and we find that it provides a good
description to the data across the energy range of the sample. The best fit values of the
parameters are given in table 1. The corresponding normalisation of the astrophysical flux
is shown in terms of the flux at the 100 TeV bin ÑAst = E2�Ast|100 TeV GeV cm≠2 s≠1 sr≠1.

We note the following features of figure 4, which also conform to emergent features of
IC data:

• The secondary neutrino event spectrum has a shape that would allow it to account for
a ‘bump’, or excess, such as presently seen in the vicinity of 30–100 TeV.

• The astrophysical neutrino contribution, especially in the bb̄ case, is not a major compo-
nent. This is unlike the standard situation where only astrophysical neutrinos account
for events beyond 30 TeV, requiring a flux very close to the Waxman-Bahcall bound.

• A dip in the region 400–1000 TeV occurs naturally due to the presence of fluxes of
di�erent origin in this region.

• Over the present exposure period, no HESE events are expected in the region beyond
2–3 PeV, since the only contributing flux here is the astrophysical flux, which is signifi-
cantly lower in this scenario as opposed to the IC best-fits. With more exposure, some
astrophysical events can be expected to show up in this region.
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Finally, through-going muon track events beyond ∼ 
3 PeV are also expected to be lower in number in 
this scenario than what current IC power-law fit 
predictions suggest.  

The overall signal would also exhibit a gradual 
galactic bias with more statistics, since 
generically, in DM scenarios, the contributions 
from our galaxy and from extra-galactic DM are 
roughly of the same order. Such a directional bias 
is not expected in a genuinely isotropic flux.  

Testable Predictions from  Scenario I ……..
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Thank you for your attention!
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Conclusions ……..

 Very good fits to 1347 day HESE data are obtainable assuming that some of 
the IC events, which characterize animals features are due to boosted DM. 

Gap/break around 400- 1 PeV occurs naturally 
Understanding why no events after ~ 2 PeV  

Secondary flux naturally gives excess at 50-100 TeV  
No puzzling proximity to WB bound 

Constraints have been considered and are respected by our fits.
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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

electronics 

PMT 

DIGITAL OPTICAL MODULE 

ICECUBE – THE WORLD’S LARGEST NEUTRINO OBSERVATORY 

2015:05:03'IceCube'present'and'future'/'Olga'Botner' 10'

DeepCore (20 Mt) 
•  low-energy extension 
•  threshold: 10 GeV 

IceCube Array (1 Gt instr. volume ) 
•  86 strings (incl. 8 DC strings)   
•  1 km3 deep ice array 

IceTop 
•  162 frozen water tanks 
•  1 km2 air shower surface array 

•  5160 Digital Optical Modules in deep ice 

•  86 ”strings”  

•  ~ 125 m between strings 

•  60 DOMs per string, 17 m between DOMs 
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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 

IceCube'present'and'future'/'Olga'Botner' 26'2015:05:03'

$

 
•  zenith distribution consistent with 
         isotropic astrophysical flux 
$
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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……..……
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LHC 
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  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 

cascade 
events beyond 

~ 2PeV, 
although 
~3-4 

expected due 
to Glashow 
Resonance
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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!
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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.....
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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 50 − 100 TeV, there appears to be an excess, with a bump-
like feature (compared to a simple power-law spectrum), which is primarily present in events 
from the southern hemisphere. The maximum local significance of this excess is about 2.3σ. 

 Features in IceCube data.....
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Understanding the features via a boosted DM 
scenario
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3

and,

�EG = �DM fl
c

4fi m„ ·„

⁄ E
max

E
min

dE

⁄ Œ

0

dz
1

H(z)
dN‰

dE‰
[(1 + z)E‹ ]

(3a)

= D
EG

⁄ Œ

0

dz
1

�
�

+ �
m

(1 + z)3

◊ dN‰

dE‰
[(1 + z)E‹ ] , (3b)

with

D
G

= 1.7 ◊ 10≠8

3
1 TeV

m„

4 3
1026 s

·„

4
cm≠2 s≠1 sr≠1

and

D
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.
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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) 
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neutrino flavors

 What are the  signals in IC  and what do they look 
like?



28NuSky 20-June-2011 Tom Gaisser 13

More events

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

 Typical Cascade event in  Icecube.....

• Good Energy resolution, not so good directional resolution

Signal is 
isotropic
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NuSky 20-June-2011 Tom Gaisser 12

High-energy events in IceCube-40

~100 TeV �� induced muon

~ EeV air shower

• Good direction resolution, not so good energy  resolution

 Typical Track  event  in  Icecube.....

This 
particular 
event is a 
background 

event, 
which will 
be vetoed

Signal 
events will 
thus mainly 
be up going, 

i.e from 
northern 

hemisphere 
to avoid 
large 

atmospheric 
muon 

background 



Eµ= 10 TeVEµ= 6 PeV

Muon Events 

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



31

Return  <first] <prev] [Francis Halzen (UW-Madison) 47] [NEXT> [last> 

<first] <prev] [Francis Halzen (UW-Madison) 47] [NEXT> [last>
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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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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 

What signal are UHE neutrino detectors looking for?…….
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IceCube'present'and'future'/'Olga'Botner' 12'2015:05:03'

WHY ν ASTRONOMY IS NOT SIMPLE … 

π$

ν$
µ$

ICECUBE 

ATMOSPHERIC MUONS 
AND NEUTRINOS 

ν$

•  atmospheric µ rate ~ 103 Hz (from above) 

 
•  atmospheric ν rate ~ 10-3 Hz (isotropical) 

 
•  ASTROPHYSICAL ν rate ~ 10-6 Hz (isotropical) 

•  events selected by triggers and filters 
•  100 GB/day sent North over satellite 

ICECUBE LAB 

µ$

Κ$

ν$

What signal are UHE neutrino detectors looking for?…….

  •  atmospheric µ rate ~ 10^3/sec 
(background, from above)  

  •  atmospheric ν rate ~ 10^-3/sec 
(background, isotropic) 

  •  ASTROPHYSICAL ν rate ~ 10^-6/sec 
(signal) 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 An important constraint on neutrino fluxes: The 
Waxman Bahcall bound 

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

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
�
dn�

dE�
� 3

8
�⇥ T E2 dṅ

dE

�z � 3

E2
� ��all

WB ⇥ (3/8) ⇥z �⇥ T
c

4⇤
E2 dṅ

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

[Waxman and Bahcall, Phys.Rev. D59 (1999) 023002; 
Phys.Rev. D64 (2001) 023002    
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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?…….



36A 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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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)

7
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What does IceCube see so far? 

Discussion of results, analysis and 
conjectures
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  IceCube Results……..……Spectral and flavour fits
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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
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7

 Pion-decay: 

Muon-damped: 

Neutron-decay: 
 

Assume isotropic flux  

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

Searching for Cosmic Neutrinos with IceCube

> Search for upgoing tracks

 Effective area:       detector

 Muon background:  negligible

 Channel:  charged-current νμ

 Sky coverage:  northern sky

> Search for starting events

 Effective area:      detector

 Muon background:  yes

 Channel:  all

 Sky coverage:  full

“throughgoing track”

“contained shower”

“starting track”

3

Hypothesis A

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

Results  –  Flavor Composition

11

best fit

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

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

IceCube'present'and'future'/'Olga'Botner' 37'2015:05:03'

CONNECTIONS? 

observations  
compatible with the conjecture  

that cosmic accelerators are 
hadronic and radiate 

comparable energy in γ’s and 
ν’s 

astrophysical 
neutrinos 

Fermi IGRB 

•  the measured ν flux E>60 TeV is  E2Φ ~10-8 GeVcm-2s-1sr-1  
    i.e. comparable to the Waxman-Bahcall bound 

[M.'Ahlers,'arXiv:,'updated'for'IceCube:Gen2'arXiv:1412.5106]'
•  charged π decay # 
                    IceCube UHE ν flux  

•  neutral π decay # UHE γ’s 
   # cascading down to < TeV 
 
•  level compatible with IGRB 
    measured by Fermi 

   

Observations compatible with the conjecture 
that cosmic accelerators are hadronic and 
radiate comparable energy in γ’s and ν’s  

[M. Ahlers, arXiv:,   arXiv:1412.5106]  

Olga Botner talk at IPA, Mar 2015, 

The measured ν flux for  E>60 
TeV is E2Φ ~10-8 GeVcm-2s-1sr-1 

i.e. comparable to the 
Waxman-Bahcall bound. 

This is unexpectedly high.  

Additional conclusions from observations re nature of flux
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Lars Mohrmann  ─  lars.mohrmann@desy.de  ─  August 4, 2015

Results  –  Energy Spectrum

> All-flavor neutrino energy spectrum

10

Recent: Excess at 30 TeV…..                           

Excess at ~ 30 TeV. Could be a fluctuation, or new low energy 
component, or steeper spectrum overall than currently 
thought. ~2 sigma, more info from IC awaited before 

conclusions can be drawn.
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IceCube events and Dark matter……….….

   

Return to some explanations of intriguing features of these events 
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IceCube'present'and'future'/'Olga'Botner' 26'2015:05:03'

$

 
•  zenith distribution consistent with 
         isotropic astrophysical flux 
$

D
O

W
N

G
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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$
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  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



45

While theoretical preferences and aesthetics have guided the 
efforts towards DM model building and experiments, actual 

parameter space for allowed DM is vast. 

Specifically, the DM mass can span the range 10−15–1015 GeV, and its 
interaction cross-section with nucleons and annihilation cross-section into SM 
particles can lie in the range 10−76–10−41 cm2. 

Many attempts to explain these features. In particular, the cut-off has been 
attributed to source astrophysics/class of source, dark matter and Lorentz 
violation etc. 

In the following, we discuss DM explanations of these features. 

Motivations to go beyond WIMPS….

Attempts to understand some of the interesting features…….
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Normal Hierarchy

Inverted Hierarchy

mDM
2
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10-12

10-11
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Figure 7. The energy spectrum of (⌫e+ ⌫µ+ ⌫⌧ )/3 from decaying DM of the model proposed in [34],
for NH and IH cases. For the mass of DM we assumed m

DM

= 4 PeV, and for lifetime: 7.3 ⇥ 10

27 s
for NH and 1.1⇥ 10

28 s for IH.

the case that � is heavier than N . This possibility has been studied in [34] by taking � to be
the “Higgs” of the broken gauged B�L symmetry. In this scenario, � can also be invoked for
both inflation and leptogenesis, and the mass of �, m

�

is acquired via the vev of �. We note
however that this is by no means the unique choice. For instance, for the case m

�

⌧ mN ,
the sterile neutrino can attain the right abundance via the so-called “freeze-in scenario” for
coupling g ' 10

�6; this would represent a variation of the model described in [48].
Another possible choice for the “Dark Sector” operator would be to replace O

DM

with a
gauge-invariant combination (mimicking the SM operator (H L)) built out of a singlet scalar
� and a singlet fermion �; i.e., O

DM

! ��, which leads to the unique dimension 5 operator
of this portal type. The spectra would be different in this case due to the presence of a
“dark” daughter particle in the final state. This operator is typically adopted in “Asymmetric
Dark Matter” models, see for instance the review [49], or [50] for a specific example. These
scenarios imply a link between the abundance of DM and the generation of baryon asymmetry.
Although it is possible certainly to utilize these models to allow for a PeV-scale DM, we do
not indulge in further details here since phenomenologically one can reproduce signals similar
to the one mediated by the dimension four operator, apart from the kinematical differences.

At dimension 6 and/or higher, a larger number of operators containing other “portals”
in the standard model become possible. A list of those carrying B�L quantum number is re-
ported for instance in [51]. The discussion becomes soon very technical and model-dependent.
Qualitatively, however, the higher-dimensional operator models share the possibility of sizable
branching ratios into hadronic final states, associated to softer neutrino spectra. Thus, while
any model that fits the spectrum should be relatively similar in the hard channel (associated
to “leptonic” operators), the lower-energy part of the spectrum is more model-dependent.
In [27], we already argued that with both soft and hard channels available, a fit of the data
can be easily achieved. It is worth showing however that already with the most constrained
model, corresponding to the dimension-4 operator N H L, an acceptable fit can be obtained:
Figure 8 shows the energy distribution of events for a 4 PeV DM mass, including both the
DM signal and the atmospheric residual background (only relevant at low energies), for the
previously mentioned NH model (left panel) and IH model (right panel). The width of the

– 14 –

IceCube events and Dark matter……….….

PeV DM decays to neutrinos, giving the IC observed 
events.

Feldstein et al, Esmaili et al, Bai et al  
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Let us note a testable (with time) , generic feature 
of all DM decay scenarios which aim to explain all or  

a subset of IC events as being due to DM :  
All events in IC which are DM induced must show an 
anisotropy which comprises of roughly equal galactic 

and extragalactic components
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IceCube events and Dark matter……….….

   

The direct detection of DM at UHE? 

[A Bhattacharya, RG and A Gupta, JCAP 1503 (2015) 03, 027 (arXiv 1407.3280) ] 
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Similarity between neutrino nucleus NC interaction  and DM-
nucleus interaction at low energies

2

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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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].

Extrapolate this similarity to high energies, noting that DM, while 
primarily non-relativistic, may have a small, highly energetic and 
relativistic component that arises from the (slow) decay of the 
primary heavy particle. 
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We assume that the DM sector consists of at least two particle 
species with the following properties: 

 • A co-moving non-relativistic, non-thermal real scalar species φ, 
with a mass of O(10 PeV), which is unstable but decays with a 
very large lifetime (>> 10^17 secs)  to χ, and does not have any 
decay channels to SM particles.  It comprises the bulk of 
present-day DM.  

 • A lighter fermionic DM species (FDM), χ with mass mχ ≪ mφ, 
which we assume is produced in a monochromatic pair when the 
PDM decays, i.e., φ → χ ̄χ, each with energies of mφ/2.  

 φ does not decay to SM particles, constraints relevant here are those based on a) 
CMB anisotropies , b) light nuclei abundances during Big-Bang Nucleosynthesis 
(BBN)  and  c) limits from structure formation, 

( Atri Bhattacharya, RG and  Aritra Gupta, arXiv 1407.3280) 
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3

and,

�EG = �DM fl
c

4fi m„ ·„

⁄ E
max

E
min

dE

⁄ Œ

0

dz
1

H(z)
dN‰

dE‰
[(1 + z)E‹ ]

(3a)

= D
EG

⁄ Œ

0

dz
1

�
�

+ �
m

(1 + z)3

◊ dN‰

dE‰
[(1 + z)E‹ ] , (3b)

with

D
G

= 1.7 ◊ 10≠8

3
1 TeV

m„

4 3
1026 s

·„

4
cm≠2 s≠1 sr≠1

and

D
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.
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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) 
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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) =
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(1 + z)3,
and �
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= 0.6825, �
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= 0.3175, �DM = 0.2685 and
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0

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

 𝜒-nucleon cross-section
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( Atri 
Bhattacharya, 
RG and  Aritra 
Gupta, arXiv 
1407.3280) 
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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………

Both galactic and extra-galactic (z dependant) 
fluxes contribute in almost equal measure.

[A Bhattacharya, RG and A Gupta, JCAP 1503 (2015) 03, 027 (arXiv 1407.3280) ] 
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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

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

Fits………

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



55

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) 

Also, in this scenario, in the 1-3 PeV range, one expects cascade events 
only.
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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. 

At present the data tell us that   

expected E^-2 spectrum is disfavored at > 4𝛔, 

there appears to be some tension between muon only track spectrum 
and the cascades (spectral index of 1.9 vs 2.5) 

there seems to be an excess at ~30 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 
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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 

Will the gap (400 TeV to 1 PeV) survive? 

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: 
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A measurement of the diffuse astrophysical muon neutrino flux
Leif Rädel | ICRC 2015, The Hague | 04.08.2015

18

Multi-PeV track event
Event information

� Date
Æ June 11th 2014 (56819.20444852863 MJD)

� Arrival direction
Æ Declination 11.48 deg
Æ Right Ascension 110.34 deg
Æ Angular resolution < 1 deg

� Energy loss inside the detector
Æ 2.6 ± 0.3 PeV

� Muon energy and neutrino energy are at 
least that

� Reference
Æ ATEL #7856

Recent: The highest energy event is a track…..                           
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  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  
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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  

LHC 

IceCube'present'and'future'/'Olga'Botner' 35'2015:05:03'

BLAZARS? 

862 blazars from the 2nd 
Fermi AGN catalog 

•  as few assumptions as possible 
 
•  tracks 2009 – 2011 

•  estimate of max. signal 
   from the entire population 
 
•  compare with E-2.5  
    energy spectrum 

•  blazars could be a prominent source of 
              astrophysical neutrinos 

ONLY ~20% OF THE ASTROPHYSICAL ν 
FLUX CAN COME FROM BLAZARS [T.'Glüsenkamp,'RICAP'2014,'proceedings]'

Additional conclusions from observations re source class….

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



UHE Particle Physics in general and UHE  Neutrino 
Physics in particular,  is intimately linked to UHE cosmic 
Rays......... 

We begin with a discussion of CR..........
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The study of UHE neutrinos produced in these environments is thus a 
window to fundamental physics at the highest energies, as well as to 

nature’s most powerful accelerators.

Why are UHE neutrinos interesting?.......

The  highest particle energies are believed to 
reside in dense astrophysical environments 

which have powerful natural particle 
accelerators and beam dumps.

Charged particles, photons and neutrons 
produced in these accelerators are either 

deflected and/or interact and are  
degraded in energy or decay before 

detection on earth. Only neutrinos carry 
information of the source and survive the 

passage in a relatively unmodified form over 
cosmological distances

The Generic UHE Accelerator . . .

(Fig from Halzen 07.)

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

 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



Nonetheless, a huge number of particles: protons, light 
nuclei, (possibly) heavy nuclei, over a huge range of energies 
arrive from the cosmos to earth. 

UHE Particle Physics in general and UHE  Neutrino Physics 
in particular,  is intimately linked to UHE cosmic Rays 
because we have reasons to believe both have the same 
source......... 

We begin with a discussion of CR..........
63
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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 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......



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..........

65

Observing High Energy Cosmic Rays.......

Despite decades of experiment, we do not really understand the origin of the highest 
energy CR, since none of the models we have can account for such high energies 

convincingly. Since we believe that their production at source is also accompanied by 
UHE neutrinos, their detection would help us better understand the nature of the 

highest energy sources.



66



67

3

and,

�EG = �DM fl
c

4fi m„ ·„

⁄ E
max

E
min

dE

⁄ Œ

0

dz
1

H(z)
dN‰

dE‰
[(1 + z)E‹ ]

(3a)

= D
EG

⁄ Œ

0

dz
1

�
�

+ �
m

(1 + z)3

◊ dN‰

dE‰
[(1 + z)E‹ ] , (3b)

with

D
G

= 1.7 ◊ 10≠8

3
1 TeV

m„

4 3
1026 s

·„

4
cm≠2 s≠1 sr≠1

and

D
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.
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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.
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Interaction of a highly energetic DM particle in an IceCube-
like 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 �̄ee

1

The Glashow Resonance....

Glashow ’60,  Berezinsky and Gazizov, ’77
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BRIEF ARTICLE

THE AUTHOR

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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Neutrino Cross-sections at the Glashow 
Resonance

RG, Quigg, Reno and 
Sarcevic, 95

The cross-sections 

BRIEF ARTICLE

THE AUTHOR

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

1

are resonant

Te
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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
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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 
JCAP 1110 (2011) 017  
(arXiv:1108.3163 )

http://arxiv.org/abs/arXiv:1108.3163
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Figure 2: Pure muon Figure 3: Contained lollipop

activity at its starting point. We note that in νµN → µX processes with PeV neutrino

energies, about 26% of the initial neutrino energy is transfered to the kicked quark, which

turns into a hadronic cascade [24]. Thus, a muon track from νµN → µX is accompanied

by a ∼ 200m radius shower at the interaction vertex for PeV neutrino energies. This is

clearly distinguishable from the muons of the pure muon event ν̄ee → ν̄µµ. A possible

background against this signal is the non-resonant electroweak process νµe → µνe. The

cross section is however three orders of magnitude smaller than ν̄ee → ν̄µµ at the resonant

energy. The pure muon is therefore essentially background free in the neighborhood of

the resonance energy and even one event implies discovery of the resonance and signals

the presence of diffuse extra-galactic flux.

A contained lollipop event occurs for ν̄ee → ν̄τ τ : a tau is created and decays inside

the detector with a sufficient length of the tau track, see Fig. 3. Again, due to the lack

of shower activity at the initial vertex, the contained lollipop is also clearly separated

from the standard double bang [25] signature induced by the ντN + ν̄τN charged current

scattering, and it is therefore also essentially free from background.

This paper is organized as follows: in Section 2, we briefly review the cross sections

associated with the GR, in Section 3, we discuss the expected neutrino flux for pp and pγ

sources, keeping their relative flux ratio as a free parameter. In Section 4, the event rate

3

 Bhattacharya, RG, Rodejohann and Watanabe 
JCAP 1110 (2011) 017  
(arXiv:1108.3163 )

http://arxiv.org/abs/arXiv:1108.3163
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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

Neutrino properties…………..
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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…………..
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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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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

 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 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

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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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 + 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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�� �+������-

�+

�+ �-

e+ �e

e+    e-

e+

�

�0

�

� e-

e+ �
��

neutral pions    

are observed as 

gamma rays

charged pions

are observed as 

neutrinos

������= �����

 Fluxes from UHE astrophysical 
accelerators are co-related.....

• Importantly, travel over cosmological distances and 
consequent oscillation brings these neutrinos to a flavour 

ratio of 1:1:1
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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 e⇥ciency 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
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)
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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] 

3.5� � 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
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What Kind of Detectors are needed to see UHECR and/or UHE 
Neutrinos?
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UHE, >1010GeV, CRs  

3,000 km2  

J(>1011GeV)~1 / 100 km2 year 2� sr 

Ground array�

 Fluorescence �
detector�

Auger:�
3000 km2�

 Pierre Auger Detector
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Aya$Ishihara$$$VHEPA2014$
13$
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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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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.
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shown for comparison in light gray. The best-fit power law is
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both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.
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3 events 
with PeV 
energy

37 events with  energies 
between 30 TeV and 2 PeV

21 cascade events, 7 muon 
track events

Angular 
distribution 
consistent 

with 
isotropy

2 events 

Flavour 
distrib
ution 

consist
ent 
with 
1:1:1

Supplementary Methods and Tables – S2

ID Dep. Energy (TeV) Observation Time (MJD) Decl. (deg.) R.A. (deg.) Med. Angular Error (deg.) Event Topology

1 47.6+6.5
�5.4 55351.3222110 �1.8 35.2 16.3 Shower

2 117+15
�15 55351.4659612 �28.0 282.6 25.4 Shower

3 78.7+10.8
�8.7 55451.0707415 �31.2 127.9 . 1.4 Track

4 165+20
�15 55477.3930911 �51.2 169.5 7.1 Shower

5 71.4+9.0
�9.0 55512.5516214 �0.4 110.6 . 1.2 Track

6 28.4+2.7
�2.5 55567.6388084 �27.2 133.9 9.8 Shower

7 34.3+3.5
�4.3 55571.2585307 �45.1 15.6 24.1 Shower

8 32.6+10.3
�11.1 55608.8201277 �21.2 182.4 . 1.3 Track

9 63.2+7.1
�8.0 55685.6629638 33.6 151.3 16.5 Shower

10 97.2+10.4
�12.4 55695.2730442 �29.4 5.0 8.1 Shower

11 88.4+12.5
�10.7 55714.5909268 �8.9 155.3 16.7 Shower

12 104+13
�13 55739.4411227 �52.8 296.1 9.8 Shower

13 253+26
�22 55756.1129755 40.3 67.9 . 1.2 Track

14 1041+132
�144 55782.5161816 �27.9 265.6 13.2 Shower

15 57.5+8.3
�7.8 55783.1854172 �49.7 287.3 19.7 Shower

16 30.6+3.6
�3.5 55798.6271191 �22.6 192.1 19.4 Shower

17 200+27
�27 55800.3755444 14.5 247.4 11.6 Shower

18 31.5+4.6
�3.3 55923.5318175 �24.8 345.6 . 1.3 Track

19 71.5+7.0
�7.2 55925.7958570 �59.7 76.9 9.7 Shower

20 1141+143
�133 55929.3986232 �67.2 38.3 10.7 Shower

21 30.2+3.5
�3.3 55936.5416440 �24.0 9.0 20.9 Shower

22 220+21
�24 55941.9757760 �22.1 293.7 12.1 Shower

23 82.2+8.6
�8.4 55949.5693177 �13.2 208.7 . 1.9 Track

24 30.5+3.2
�2.6 55950.8474887 �15.1 282.2 15.5 Shower

25 33.5+4.9
�5.0 55966.7422457 �14.5 286.0 46.3 Shower

26 210+29
�26 55979.2551738 22.7 143.4 11.8 Shower

27 60.2+5.6
�5.6 56008.6845606 �12.6 121.7 6.6 Shower

28 46.1+5.7
�4.4 56048.5704171 �71.5 164.8 . 1.3 Track

29 32.7+3.2
�2.9 56108.2571970 41.0 298.1 7.4 Shower

30 129+14
�12 56115.7283566 �82.7 103.2 8.0 Shower

31 42.5+5.4
�5.7 56176.3914123 78.3 146.1 26.0 Shower

32 — 56211.7401165 — — — Coincident

33 385+46
�49 56221.3423965 7.8 292.5 13.5 Shower

34 42.1+6.5
�6.3 56228.6055210 31.3 323.4 42.7 Shower

35 2004+236
�262 56265.1338659 �55.8 208.4 15.9 Shower

36 28.9+3.0
�2.6 56308.1642711 �3.0 257.7 11.7 Shower

37 30.8+3.3
�3.5 56390.1887617 20.7 167.3 . 1.2 Track

SUPPL. TABLE I. Properties of the events. Tabular form of Fig. 1. Events 1-28 were previously published in [11] and are
included here, with no changes, for completeness. Events 28 and 32 have coincident hits in the IceTop surface array, implying
that they are almost certainly produced in cosmic ray air showers.

so the signal PDF only includes regions which overlap
with the galactic plane:

S
i
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) !
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j

)

n
bins

. (A.3)

The weightW ( ~x
j

) is set to 1 for any region overlapping
a galactic plane with a specific angular extent, and is
set to 0 otherwise. Suppl. Fig. 3 shows the degree of

clustering along the galactic plane for each tested width
of the plane.

Alternative Hypothesis Tests

The primary statistical test used in this article is based
on optimization of a Poisson likelihood in zenith angle
and deposited energy containing four components: pene-
trating muon background, atmospheric neutrinos from
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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)
11 events with energy above 100 TeV (including 3 over 1 PeV), whereas  

atmospheric expectation  is less than  2 events 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.   
> 5.7σ 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 reasonably 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



95

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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 There is a gap in the data. Is it significant? 
Answer according to IceCube: Probably not.

 (What gap?) 
(Answer:  There are 34 events between 30 TeV and 400 TeV, none 

between 400 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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The 2 unexpected features are the gap between 350 TeV and 
1 PeV, and the lack of events beyond a PeV. Also noticeable is 

the clustering of the 3 ~PeV events. 
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 Situation is intriguing, with no single explanation being a perfect fit. 
However, extra-terrestial neutrinos from CR sources appear to be 

the favourite…..  More data (coming soon)  and new ideas would 
help...........

Thank you for your attention…….
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CR EAS Detector Identification ID e⇥ciency Results

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



102

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

� ���������
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���	������������

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!
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CR EAS Detector Identification ID e⇥ciency 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 e⇥ciency Results

Summary

The Pierre Auger Observatory is sensitive to UHE neutrinos:
down-going neutrinos (� � [75�, 90�]): all flavours CC & NC.
up-going neutrinos (� � [90�, 95�]): ⇥⌧ 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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 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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 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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4

flux [20–22] Here we use the HKKMS07 calculation [20],
where the uncertainty of this calculation is estimated by
its authors to be less than 10% at few GeV energies,
which is consistent with measurements [23], and is ex-
pected to increase with energy to around 25% at 1 TeV.
Since this model was designed for relatively low ener-
gies (100 MeV-10 TeV) compared to those considered in
this analysis (⇠100 GeV-100 TeV), it is extended and
modified according to the procedure in [12] to take into
account the input cosmic ray spectrum [24] at high en-
ergies. An important feature of the conventional atmo-
spheric neutrino flux is that the parent mesons may be
destroyed by interactions with the medium before decay-
ing and producing neutrinos. The energy spectrum is
therefore steeper (/ E�3.7) than that of the cosmic rays
from which it is produced (/ E�2.7) [25]. This is then
markedly softer than the hypothesized spectrum of as-
trophysical neutrinos. The cosmic ray showering process
gives these neutrinos a characteristic distribution in di-
rection, peaked near the observer’s horizon, because of
the di↵erent profiles of atmospheric density the air show-
ers encounter.

The prompt atmospheric neutrinos are less well un-
derstood, as they have not yet been observed experimen-
tally, and the theoretical predictions depend on under-
standing heavy quark production in cosmic ray-air col-
lisions at high energies. Multiple calculations exist [26–
28], and here we choose the phenomenological ERS esti-
mate of the flux [28], again applying corrections for the
input cosmic ray spectrum. This model has a normal-
ization uncertainty of about a factor of two, and other
calculations predict substantially larger or smaller fluxes.
Like the conventional atmospheric neutrinos, the energy
spectrum of the prompt component arises from the spec-
trum of the cosmic rays. However, since the intermediate
mesons involved decay so rapidly (with a mean lifetime of
1.04⇥10�12 s for the D± at rest, as opposed to 2.60⇥10�8

s for the ⇡± or 1.24⇥10�8 s for the K±), losses via inter-
actions are suppressed and the spectrum remains similar
to E�2.7, and likewise remains essentially isotropic.

To fit the observed data, we implement the binned
Poisson profile likelihood construction described in [11].
Here, the expected event rates for each flux component
are computed by weighting a generalized simulation of
neutrinos traversing the Earth and interacting at IceCube
according to the model’s input neutrino flux. Compar-
isons are made in each bin to the observed data. For
this study, the data are binned in both the reconstructed
zenith angle and the energy proxy. The main parameter
of interest for this fit is the normalization assigned to the
astrophysical flux component, while the normalizations
of the background components are treated as nuisance
parameters. Additional nuisance parameters include the
di↵erence between the true slope of the cosmic ray spec-
trum and the assumed model, the e�ciency with which
the IceCube hardware detects photons emitted in the ice,
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FIG. 1. The distribution of reconstructed zenith angles of
events in the final sample, compared to the expected distribu-
tions for the fit of an E�2 astrophysical neutrino spectrum.
Only statistical errors are shown, though in almost all bins
they are small enough to be hidden by the data markers.
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FIG. 2. The distribution of reconstructed muon energy proxy
for events in the final sample, compared to the expected distri-
butions for the fit of an E�2 astrophysical neutrino spectrum.
Only statistical errors are shown. The energy proxy does not
have a linear relationship to actual muon energy, but values
⇠ 3⇥103 are roughly equivalent to the same quantity in GeV.
Larger proxy values increasingly tend to underestimate muon
energies, while smaller values tend to overestimate.

and the relative contributions to the conventional atmo-
spheric neutrino flux from kaon decays rather than pion
decays. The nuisance parameters can be constrained us-
ing prior information from external sources, and the pri-
ors used in this analysis are listed in the fourth column
of Table I.
The parameter values from fitting 659.5 days of de-

tector livetime using the benchmark set of fluxes are
summarized in Tab. I, and the projections of the ob-
served and fitted spectra into the reconstructed zenith

IC Muon analysis, 1507.040056

other samples), while the starting event results are highly
correlated with each other. The spectral indices found by
this work and by the starting event analyses are consis-
tent within their respective uncertainties, but the best fit
spectrum for this data set is slightly harder than those
for the starting event analyses, particularly those extend-
ing to lower energies, which are uniquely able to probe
non-atmospheric contributions to the neutrino flux. A
single power law provides an acceptable fit to all data,
however, the present data cannot yet rule out the possi-
bility that the astrophysical neutrino flux is not isotropic
or that the spectrum is not a pure power law.

In this study we see a clear excess of data above the
expected atmospheric neutrino backgrounds at high ener-
gies, similar to the result of [4]. In particular, despite the
fact that these are almost entirely disjoint datasets (a sin-
gle, near-horizontal track event, event 5 from [4], appears
in both samples), both excesses are consistent in nor-
malization within uncertainties, assuming an E�2 spec-
trum: 9.5±3⇥10�19GeV�1 cm�2 sr�1 s�1 from the start-
ing event study and 9.9+3.9

�3.4⇥10�19GeV�1 cm�2 sr�1 s�1

from this work. These measurements do use di↵erent
calculations of the neutrino-nucleon cross-sections, which
influence the conversion of the flux into a rate of observed
events: The starting event study used the calculation of
[33], while this study uses the updated calculation from
[34], which di↵ers by 5-10% at the energies relevant to
these analyses, but this is a relatively small e↵ect com-
pared to the uncertainties of these results. Thus, the
observed data are found to be consistent with a flux
consisting of equal parts of all neutrino flavors. Simi-
lar consistency is seen in a recent analysis of starting
events [32]. As shown in Fig. 3, the results for arbitrary
power laws are also in good agreement. These two mea-
surements are compared in Fig. 4, along with other re-
cent measurements and theoretical models. The result of
this study also suggests that astrophysical neutrinos are
present at the several hundred TeV energies where ob-
servations were lacking in the dataset of [4], suggesting
that this was merely a statistical fluctuation.

Models of the astrophysical neutrino flux besides un-
broken power laws can also be considered. Here we ex-
amine a small number of representative models. One
candidate source type is the cores of active galactic nu-
clei (AGN) [6, 35–38]. A fit of the AGN flux model [6] to
the data in this analysis demonstrates in an incompati-
bility in the normalization, with the predicted flux being
too large by a factor of 6. Another possible source class
are regions with high star formation including Starburst
galaxies [5, 39–43]. Comparing the E�2.15 spectrum pro-
posed by [5] to the data reported here, we find that it
is compatible after its normalization is multiplied by a
factor of 2.5. Finally gamma ray bursts (GRBs) have
been long considered candidates for neutrino production
[7, 44–47], but recent dedicated searches by IceCube for
neutrinos correlated with GRBs have placed strong limits
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FIG. 4. Comparison of the best fit per-flavor astrophysical
flux spectrum of E�2 from this work, assuming a flavor ratio
of 1:1:1, (shown in dark green with the 68% error range in
lighter green) to other selected IceCube measurements (heavy
lines) [4, 12] and theoretical model predictions (thin, dashed
lines) [5–7, 17, 20, 28]. The sensitivity of this analysis is also
shown as the thin, green line.

disfavoring this hypothesis [48].

While this work represents the first strong evidence for
an astrophysical ⌫µ flux in the Northern Hemisphere, the
sources producing these neutrinos remain unknown. Al-
though muon events in IceCube have sub-degree angular
resolution, recent IceCube searches for point-like and ex-
tended sources of muon neutrinos found no statistically-
significant evidence for event clustering, nor correlation
of neutrinos with known astrophysical objects [49]. In the
Northern Hemisphere, the point source flux upper limits
are 10� 100 times lower than the total di↵use flux level
observed here, so the flux cannot originate from a small
number of sources without violating those limits. The
constraint on the number of sources was explored with a
simple simulation where sources were injected uniformly
over the Northern sky, with fluxes at the maximum levels
allowed by the point source upper limit at each selected
point, until the total flux reached the measured di↵use
flux. On average, at least 70 sources are required to main-
tain consistency with the point source upper limits. This
assumes each source is a true point source and emits an
unbroken E�2.2 power-law flux. If the sources instead
follow harder E�2 power law spectra, the di↵use flux
could be split across an average of ⇠ 40 sources while re-
maining consistent with the point source analysis. Given
that the di↵use flux in the Southern Hemisphere is ob-
served at a similar flux level, this observation suggests
that the flux has a large isotropic component dominated
by a large population of extragalactic sources, although
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other samples), while the starting event results are highly
correlated with each other. The spectral indices found by
this work and by the starting event analyses are consis-
tent within their respective uncertainties, but the best fit
spectrum for this data set is slightly harder than those
for the starting event analyses, particularly those extend-
ing to lower energies, which are uniquely able to probe
non-atmospheric contributions to the neutrino flux. A
single power law provides an acceptable fit to all data,
however, the present data cannot yet rule out the possi-
bility that the astrophysical neutrino flux is not isotropic
or that the spectrum is not a pure power law.

In this study we see a clear excess of data above the
expected atmospheric neutrino backgrounds at high ener-
gies, similar to the result of [4]. In particular, despite the
fact that these are almost entirely disjoint datasets (a sin-
gle, near-horizontal track event, event 5 from [4], appears
in both samples), both excesses are consistent in nor-
malization within uncertainties, assuming an E�2 spec-
trum: 9.5±3⇥10�19GeV�1 cm�2 sr�1 s�1 from the start-
ing event study and 9.9+3.9

�3.4⇥10�19GeV�1 cm�2 sr�1 s�1

from this work. These measurements do use di↵erent
calculations of the neutrino-nucleon cross-sections, which
influence the conversion of the flux into a rate of observed
events: The starting event study used the calculation of
[33], while this study uses the updated calculation from
[34], which di↵ers by 5-10% at the energies relevant to
these analyses, but this is a relatively small e↵ect com-
pared to the uncertainties of these results. Thus, the
observed data are found to be consistent with a flux
consisting of equal parts of all neutrino flavors. Simi-
lar consistency is seen in a recent analysis of starting
events [32]. As shown in Fig. 3, the results for arbitrary
power laws are also in good agreement. These two mea-
surements are compared in Fig. 4, along with other re-
cent measurements and theoretical models. The result of
this study also suggests that astrophysical neutrinos are
present at the several hundred TeV energies where ob-
servations were lacking in the dataset of [4], suggesting
that this was merely a statistical fluctuation.

Models of the astrophysical neutrino flux besides un-
broken power laws can also be considered. Here we ex-
amine a small number of representative models. One
candidate source type is the cores of active galactic nu-
clei (AGN) [6, 35–38]. A fit of the AGN flux model [6] to
the data in this analysis demonstrates in an incompati-
bility in the normalization, with the predicted flux being
too large by a factor of 6. Another possible source class
are regions with high star formation including Starburst
galaxies [5, 39–43]. Comparing the E�2.15 spectrum pro-
posed by [5] to the data reported here, we find that it
is compatible after its normalization is multiplied by a
factor of 2.5. Finally gamma ray bursts (GRBs) have
been long considered candidates for neutrino production
[7, 44–47], but recent dedicated searches by IceCube for
neutrinos correlated with GRBs have placed strong limits
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FIG. 4. Comparison of the best fit per-flavor astrophysical
flux spectrum of E�2 from this work, assuming a flavor ratio
of 1:1:1, (shown in dark green with the 68% error range in
lighter green) to other selected IceCube measurements (heavy
lines) [4, 12] and theoretical model predictions (thin, dashed
lines) [5–7, 17, 20, 28]. The sensitivity of this analysis is also
shown as the thin, green line.

disfavoring this hypothesis [48].

While this work represents the first strong evidence for
an astrophysical ⌫µ flux in the Northern Hemisphere, the
sources producing these neutrinos remain unknown. Al-
though muon events in IceCube have sub-degree angular
resolution, recent IceCube searches for point-like and ex-
tended sources of muon neutrinos found no statistically-
significant evidence for event clustering, nor correlation
of neutrinos with known astrophysical objects [49]. In the
Northern Hemisphere, the point source flux upper limits
are 10� 100 times lower than the total di↵use flux level
observed here, so the flux cannot originate from a small
number of sources without violating those limits. The
constraint on the number of sources was explored with a
simple simulation where sources were injected uniformly
over the Northern sky, with fluxes at the maximum levels
allowed by the point source upper limit at each selected
point, until the total flux reached the measured di↵use
flux. On average, at least 70 sources are required to main-
tain consistency with the point source upper limits. This
assumes each source is a true point source and emits an
unbroken E�2.2 power-law flux. If the sources instead
follow harder E�2 power law spectra, the di↵use flux
could be split across an average of ⇠ 40 sources while re-
maining consistent with the point source analysis. Given
that the di↵use flux in the Southern Hemisphere is ob-
served at a similar flux level, this observation suggests
that the flux has a large isotropic component dominated
by a large population of extragalactic sources, although
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A measurement of the diffuse astrophysical muon neutrino flux
Leif Rädel | ICRC 2015, The Hague | 04.08.2015

3

IceCube detector

Detection principle:
� 𝜈μ interaction near or inside the detector
� Detection of Cherenkov light produced by 

secondary relativistic, charged particles
using optical sensors in ice

Search strategy:
� Select high-energy up-going muon track
¾ Northern sky neutrino sample:

High purity and high efficiency

Previous IceCube analysis:
� IC59: from 2009 – 2010

(~20,000 neutrinos, excess 1.8σ)
� IC79 + IC86: from 2010-2012

(~35,000 neutrinos, excess 3.7σ)
@ South Pole

Aartsen et al., PRD 89 (Mar. 2014)
accepted in PRL arXiv:1507.04005
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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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� Correlation between astrophysical 
normalization @100TeV and the 
spectral index

� Best-fit astrophysical normalization:

0.66−0.30+0.40 × 10−18 GeV−1cm−2s−1sr−1

� Best-fit spectral index:
𝛾astro = 1.91 ± 0.20

� Atmospheric-only hypothesis 
excluded by 4.3σ

Analysis result
Astrophys. norm. & spectral index

� Compatible with the best-fit of high-energy starting event analysis
(Phys. Rev. Lett. 113, 101101 (2014))

� Compatible with best-fit result of the current up-going muon neutrino analysis
(accepted in Phys. Rev. Lett. arXiv:1507.04005)



110
Lars Mohrmann  ─  lars.mohrmann@desy.de  ─  August 4, 2015

Searching for Cosmic Neutrinos with IceCube

> Search for upgoing tracks

 Effective area:       detector

 Muon background:  negligible

 Channel:  charged-current νμ

 Sky coverage:  northern sky

> Search for starting events

 Effective area:      detector

 Muon background:  yes

 Channel:  all

 Sky coverage:  full

“throughgoing track”

“contained shower”

“starting track”

3

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

Results  –  Energy Spectrum

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

C. Atmospheric conventional fluxes: very unlikely

Because atmospheric conventional neutrinos definitely
exist, it is important to ask if they could produce these
events. We show the ⌫

µ

+ ⌫̄

µ

and ⌫

e

+ ⌫̄

e

fluxes from
Ref. [45, 46] in Fig. 1. The ⌫

⌧

+ ⌫̄

⌧

flux is much smaller,
because both direct production and neutrino oscillations
at these energies are suppressed, and it is not shown.

In the muon track channel, the atmospheric conven-
tional ⌫

µ

+ ⌫̄

µ

flux is a significant background to new

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

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

Atm. Conv. [45, 46] 0.0004 0.0003

Cosmogenic–Takami [48] 0.01 0.2

Cosmogenic–Ahlers [49] 0.002 0.06

Atm. Prompt [47] 0.02 0.03

Astrophysical E�2 0.2 1

Astrophysical E�2.5 0.08 0.3

Astrophysical E�3 0.03 0.06

signals even at high energies. However, as shown in
Ref. [39], the atmospheric conventional backgrounds for
⌫

e

+⌫̄

e

are significantly less, which means that new signals
can emerge at lower energies. To see this, it is necessary
to plot predicted event spectra in terms of detectable cas-
cade energy instead of neutrino energy. For ⌫

e

+ ⌫̄

e

CC
events, these are the same. For NC ⌫

µ

+ ⌫̄

µ

events, which
have a small energy deposition, it is a big di↵erence. Go-
ing from Fig. 1 to the left panel of Fig. 3, the importance
of atmospheric conventional neutrinos relative to other
sources (e.g., the E�2 spectrum) is greatly reduced. This
is what makes cascade searches so powerful [39].

The complete (CC + NC) ⌫

e

+ ⌫̄

e

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

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

Beacom et al 1306.2309

Cosmogenic neutrinos [63–72] have been invoked as the 
source of the PeV events, in part because the EHE search was 
designed to detect them, albeit at much higher en- ergies. 
Example spectra [48, 49] are shown in Fig. 1. 

The νe + ν ̄e cascade spectra are shown in Fig. 3 and the 
numbers of events are given in Table I. Two problems are 
obvious. First, the expected numbers of events are very small 
because the spectrum normalization is low. Second, the 
predicted distribution of events emphasizes high, not low, 
energies. 
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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
�
dn�

dE�
� 3

8
�⇥ T E2 dṅ

dE

�z � 3

E2
� ��all

WB ⇥ (3/8) ⇥z �⇥ T
c

4⇤
E2 dṅ

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
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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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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
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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.
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�⇥ �0.032 ±0.014 ±0.03
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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
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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

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

�̄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) 
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BRIEF ARTICLE

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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[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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Simple Decay Scenario with Inverted Hierarchy, 
changes in WB bound.......

Effects (events, ratios etc ) depend on hierarchy
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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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Two$events$passed$the$selection$criteria$

8$

Run1193169Event36556705$
Jan$3rd$2012$
NPE$9.628x104$
Number$of$Optical$Sensors$312$

$

$

$

Run1185459Event63733662$
August$9th$2011$
NPE$6.9928x104$
Number$of$Optical$Sensors$354$
$

$

$

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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13#

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
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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.....



129

NuSky 20-June-2011 Tom Gaisser 12

High-energy events in IceCube-40

~100 TeV �� induced muon

~ EeV air shower



130NuSky 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



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 =
4⇥

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

4⇥

�
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 =
4⇥

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

4⇥

�
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] 

3.5� � 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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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

Galactic

Extra*Galactic
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>E*�!����������������	�
>K�!�
�������G%�I�

�FA$A�C$
�AD%GB$�$"�
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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



139

CR EAS Detector Identification ID e⇥ciency Results

Atmospheric showers initiated by neutrinos

10 / 51



140

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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Diffuse Fluxes . . .Decay...

τ/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 ≥ τ/m ≥ 10−3 sec/eV

High Energy Neutrinos . . . Mar 31, 2010 PRL, Ahmedabad R. Gandhi – p. 24/33



142

Lorentz Violation induced Flux changes . . ...

τ 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



143

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 =
4⇥

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

4⇥

�
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
�
dn�

dE�
� 3

8
�⇥ T E2 dṅ

dE

�z � 3

E2
� ��all

WB ⇥ (3/8) ⇥z �⇥ T
c

4⇤
E2 dṅ

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
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CR EAS Detector Identification ID e⇥ciency Results

Pierre Auger Observatory

�
��
��
� �

��
��
�	
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�������

�
�

�
�

�

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 �̄ee

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 �̄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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BRIEF ARTICLE

THE AUTHOR

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



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



  Standard oscillations with tribimaximal mixing give

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

Parametrize the flux at source as 

BRIEF ARTICLE

THE AUTHOR

�
source

= x�pp
source

+ (1� x)�p�
source

.(1)

�pp
earth

/

0

@
1
1
1

1

A

| {z }
⇥

+

0

@
1
1
1

1

A

| {z }
⇥̄

,(2)

�p�
earth

/

0

@
0.78
0.61
0.61

1

A

| {z }
⇥

+

0

@
0.22
0.39
0.39

1

A

| {z }
⇥̄

.(3)

1
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�
source

= x�pp
source

+ (1� x)�p�
source
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�pp
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@
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0.61
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⇥

+

0

@
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1

A

| {z }
⇥̄

.(3)

1
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for pγ case. Here the first, second, and third entries correspond to the e, µ, and τ flavor

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

x (0 ≤ x ≤ 1) as

Φsource = xΦpp
source + (1− x)Φpγ

source. (2.5)

This source flux Φsource 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 pγ component at the earth

are given by

Φpp
earth ∝

⎛

⎝
1
1
1

⎞

⎠

︸ ︷︷ ︸
ν

+

⎛

⎝
1
1
1

⎞

⎠

︸ ︷︷ ︸
ν̄

, (2.6)

Φpγ
earth ∝

⎛

⎝
0.78
0.61
0.61

⎞

⎠

︸ ︷︷ ︸
ν

+

⎛

⎝
0.22
0.39
0.39

⎞

⎠

︸ ︷︷ ︸
ν̄

. (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

Φνe = 6× 10−8

[
x
1

6
· 0.6 + (1− x)

0.78

3
· 0.25

]
1

E2
ν

, (2.8)

Φνµ = 6× 10−8

[
x
1

6
· 0.6 + (1− x)

0.61

3
· 0.25

]
1

E2
ν

= Φντ , (2.9)

Φν̄e = 6× 10−8

[
x
1

6
· 0.6 + (1− x)

0.22

3
· 0.25

]
1

E2
ν

, (2.10)

Φν̄µ = 6× 10−8

[
x
1

6
· 0.6 + (1− x)

0.39

3
· 0.25

]
1

E2
ν

= Φν̄τ . (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 pγ to pp, the fluxes approach the same

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

3

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

1 Introduction

In this note, we study the Glashow resonance (GR) effect 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 pγ 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
νΦν+ν̄ = 2× 10−8ϵπξz (GeV cm−2 s−1 sr−1 ), (2.1)

where ξz represents the source evolution and ϵπ is the ratio of pion energy to the emerging

nucleon energy at the source. We set ξz = 3 and

ϵπ =

{
0.6 for pp
0.25 for pγ

(2.2)

in the following discussion.

The flavor composition at the source is given by

Φpp
source ∝

⎛

⎝
1
2
0

⎞

⎠

︸ ︷︷ ︸
ν

+

⎛

⎝
1
2
0

⎞

⎠

︸ ︷︷ ︸
ν̄

(2.3)

for the pp case and

Φpγ
source ∝

⎛

⎝
1
1
0

⎞

⎠

︸ ︷︷ ︸
ν

+

⎛

⎝
0
1
0

⎞

⎠

︸ ︷︷ ︸
ν̄

(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
1! 10"10

5! 10"10
1! 10"9

5! 10"9
1! 10"8

5! 10"8
1! 10"7

Log10!EΝ"GeV#

E Ν2
$
Α
!GeV

cm
"
1 s
"
1 s
r"
1 # x&0.0

ΝΜ,ΝΤ

Νe

ΝΜ,ΝΤ

Νe

6.3 6.5 6.7 6.9 7.1 7.3
1! 10"10

5! 10"10
1! 10"9

5! 10"9
1! 10"8

5! 10"8
1! 10"7

Log10!EΝ"GeV#

E Ν2
$
Α
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cm
"
1 s
"
1 s
r"
1 #

x&1.0

Νe,Νe,ΝΜ,ΝΜ,ΝΤ,ΝΤ

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

• �̄ee � hadrons

• �̄ee � �̄ee
• �̄ee � �̄⇥⇥

• �eN + �̄eN (CC)

• �⇥N + �̄⇥N (CC)

• ��N + �̄�N (NC)

1

Non-Resonant Events....

BRIEF ARTICLE

THE AUTHOR

• �̄ee � hadrons

• �̄ee � �̄ee
• �̄ee � �̄⇥⇥

• �eN + �̄eN (CC)

• �⇥N + �̄⇥N (CC)

• ��N + �̄�N (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..............

!

!

!

!
!

!
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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(ν̄ee → 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

ν̄ee → hadrons. Fig. 13 shows S/B as a function of x.

5 Other signals of Glashow resonance

Besides the shower event induced by ν̄ee → hadrons, there are two kinds of the processes

which are feasible to see the Glashow resonance;

• ν̄ee → ν̄µµ

• ν̄ee → ν̄ττ

Let us study these processes in turn.

5.1 The pure muon creation

If the resonant process ν̄ee → ν̄µµ 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 νµN charged current. The non-resonant

process νµe → µνe also creates such a “pure muon”, so this process must be regarded as

a background against the signal. Both processes are calculated as ν̄ee → ν̄ee (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............
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Figure 17: The event spectrum of “contained lollipop” for x = 1.

and A is the effective 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 τ decay point

from the τ 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

dEν

" 1

E0
Eν

dy +

" ∞

E1

dEν

" E1
Eν

E0
Eν

dy

#
dσ(ν̄ee → ν̄ττ)

dy
Φν̄e(Eν)

×
$
(L− xmin −Rτ )e

−xmin
Rτ + Rτe

− L
Rτ

%
× 3.2× 107 × 2π. (5.2)

A background for this signal is the non-resonant process ντe → τνe.

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 τ event as

N(ν̄ee → ν̄ττ) ≡ Total number of events per year in 6.0 < log10(Eτ/GeV) < 6.75.

5.3 Shower + pure µ + pure τ

Let us define the total signal of the Glashow resonance as

N(Shower + µ+ τ) ≡ N(ν̄ee → hadrons) +N(ν̄ee → ν̄µµ) +N(ν̄ee → ν̄ττ), (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 τ -decay bang from the τ creation point than to separate the two bangs in the
usual double bang. Here I take xmin = 100m as a conservative reference.
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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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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 Effects of new physics

6.1 Neutrino decay

The case where ν2 and ν3 are unstable (scenario I) Let us first consider the case

where ν3 and ν2 are unstable and decay into ν1, for example ν3 → ν1φ and ν2 → ν1φ

channels are open. Suppose that the neutrinos are produced by the W µνiγµlβ vertex

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

by

F β
νi = |Uβi|2AE−2, (6.1)

where Uβi 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 ν2,3 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 β
ν1 = |Uβ1|2AE−2, and F β

ν2 = F β
ν3 = 0. The lightest mass

eigenstate ν1 is detected by the charged currents accompanied by the charged leptons

lα, which vertices are weighted by Uα1. Thus the amplitudes of the detection processes

must involve the factors |Uα1|2 and finally we have

F β
να = |Uα1|2|Uβ1|2AE−2 (6.2)

as the “spectrum of the flavor eigenstate” effectively. The label β specifies the initial

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

and it gives

Fνα =
∑

β

φβ |Uα1|2|Uβ1|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; Fνe/Fνµ =

|Ue1|2/|Uµ1|2 ≃ 4.

Let us formulate the decaying neutrino fluxes more precisely. The νi fluxes (6.1) is

evolved by the “decay operator” D as

F β
νi(earth) = DijF

β
νj , (6.4)

where

Dij =

⎛

⎜⎝
1 ∆2→1 ∆3→1

0 e−
m2
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t
E 0

0 0 e−
m3
τ3

t
E
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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

Scenario I

For the case where ν2 and ν3 are unstable; ν3,2 → ν1X and m1 ≪ m2,m3, the fluxes

with the complete decay are

E2Fνe(earth) = 6× 10−8|Ue1|2
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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 coefficients 1/2 in (A.8) are replaced with 1 [8].

The flavor ratios are free from the branching ratios B3→1 and B2→1.

Scenario II
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The generalized fluxes for other flavours of nu and antinu are 
then  related to the electron flavour by 

A Explicite formulas for the complete decay

Scenario I

For the case where ν2 and ν3 are unstable; ν3,2 → ν1X and m1 ≪ m2,m3, the fluxes

with the complete decay are

E2Fνe(earth) = 6× 10−8|Ue1|2
!
xCνe

pp

0.6

6
+ (1− x)Cνe

pγ

0.25

3

"
,

Cνe
pp = |Ue1|2 + 2|Uµ1|2 +

1

2
B2→1(|Ue2|2 + 2|Uµ2|2) +

1

2
B3→1(|Ue3|2 + 2|Uµ3|2),

Cνe
pγ = |Ue1|2 + |Uµ1|2 +

1

2
B2→1(|Ue2|2 + |Uµ2|2) +

1

2
B3→1(|Ue3|2 + |Uµ3|2), (A.1)

E2Fν̄e(earth) = 6× 10−8|Ue1|2
!
xC ν̄e

pp

0.6

6
+ (1− x)C ν̄e

pγ

0.25

3

"
,

C ν̄e
pp = Cνe

pp ,

C ν̄e
pγ = |Uµ1|2 +

1

2
B2→1|Uµ2|2 +

1

2
B3→1|Uµ3|2, (A.2)

Fνµ(earth) =
|Uµ1|2

|Ue1|2
Fνe(earth), (A.3)

Fν̄µ(earth) =
|Uµ1|2

|Ue1|2
Fν̄e(earth), (A.4)

Fντ (earth) =
|Uτ1|2

|Ue1|2
Fνe(earth), (A.5)

Fν̄τ (earth) =
|Uτ1|2

|Ue1|2
Fν̄e(earth). (A.6)

In the case where the neutrino masses are not hierarchical and the daughter carries more

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

The flavor ratios are free from the branching ratios B3→1 and B2→1.

Scenario II

32

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 θ13 = 0.
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Figure 24: The neutrino fluxes for the decay scenario I, where x = 0 and sin θ13 = 0.2.
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Figure 24: The neutrino fluxes for the decay scenario I, where x = 0 and sin θ13 = 0.2.
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Figure 21: The neutrino fluxes for the decay scenario I, where x = 1 and sin θ13 = 0.
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Figure 22: The neutrino fluxes for the decay scenario I, where x = 1 and sin θ13 = 0.2.
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Figure 22: The neutrino fluxes for the decay scenario I, where x = 1 and sin θ13 = 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 θ13 = 0.

Figure 28: The event spectrum for the decay scenario I with x = 0 and sin θ13 = 0.2.
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Figure 27: The event spectrum for the decay scenario I with x = 0 and sin θ13 = 0.

Figure 28: The event spectrum for the decay scenario I with x = 0 and sin θ13 = 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 θ13 = 0.

Figure 26: The event spectrum for the decay scenario I with x = 1 and sin θ13 = 0.2.
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Figure 25: The event spectrum for the decay scenario I with x = 1 and sin θ13 = 0.

Figure 26: The event spectrum for the decay scenario I with x = 1 and sin θ13 = 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 �µ (deep-red) and �e (green) from an AGN source at a redshift z = 2. I(E)
represents the flux spectrum for the two flavours.

B. E�ect of neutrino decay on the flavour fluxes

A flux of neutrinos of mass mi, rest-frame lifetime ⇧i,
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/⇤⇧) = exp

�
�L

E
⇥ mi

⇧i

⇥

where t is the time in the earth’s (or observer’s) frame
and ⇤ = 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 ⌅� oscillating into another ⌅⇥
becomes

P�⇥(E) =
⇤

i

|U⇥i|2|U�i|2e�L/⇧i(E), � ⇤= ⇥, (10)

which modifies the flux at detector from a single source
to

⌃⌅�(E) =
⇤

i⇥

⌃source
⌅⇥

(E)|U⇥i|2|U�i|2e�L/⇧i(E). (11)

We use the simplifying assumption ⇧2/m2 = ⇧3/m3 =
⇧/m for calculations involving the normal hierarchy (i.e.
m2

3 �m2
1 = �m2

31 > 0) and similarly, ⇧1/m1 = ⇧2/m2 =
⇧/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 ⌅de : ⌅dµ :

⌅d⇧ = 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 103

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”.


