
High-Energy
Neutrinos
Markus Ahlers, Niels Bohr Institute

ISAPP, Texel, June 29, 2017

Markus Ahlers (NBIA) High-Energy Neutrinos June 29, 2017 slide 1



High-Energy Cosmic Neutrinos

• produced in collisions of cosmic rays with
gas and radiation, e.g.

p + p (gas)→ X (rest) + π− (pion)

p + γ (radiation)→ X (rest) + π− (pion)

π− (pion)→ µ− (muon) + ν̄µ

µ− (muon)→ e− (electron) + νµ + ν̄e

• “smoking-gun” of cosmic ray sources

• no deflection in magnetic fields (Ü point
source detection)

• (practically) no absorption (Ü distant sources)

• . . . anyway, what is a neutrino?
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Brief History

• β-decay (as understood at the
beginning of the 20th century), e.g.
“radium E”

210Bi →︸︷︷︸
'5d

210Po + e−

8 two-body decay at rest:

Ee =
m2

Bi − m2
Po + m2

e

2mBi
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Fro. 4. Counting rates for various values of the magnetic
field at the high energy end of the spectrum.

.3

FIG. 3. Comparison of the counting rates for various
values of the magnetic field without (solid curve) and
with (dotted curve) the partition D in the box. N

detailed study of this endpoint is shown in Fig. 4.
This indicates an upper limit at II=3380+50
gauss. Readings were taken for values of the
magnetic field as great as 4500 gauss and no
increase in the counting rate above the residual
value was found for any field strength above 3400
gauss. This upper limit represents an Imp=6604
&98 corresponding to an energy of (15.34&0.28)
X10' electron volts. The value of p used in
computing the upper limit was one-half the
distance from the side of the wire nearest S2 to
the edge of S2 nearest the wire, which was 1.954
cm. In computing the energy distribution curve,
however, the value used was one-half the distance
from the side of the wire nearest S2 to the center
of S2, a distance of 1.975 cm.
This value of the upper limit is higher than

that obtained by such investigators as Madgwick,
Sargent, Feather and Champion who obtained
values for the endpoint from Hp =5000 to
Hp=5500. On the other hand Terroux found
there was no definite upper limit, while Curie and
d'Espine and Yovanovitch found a band ex-
tending from Hp= 6000 to IIp= 12,000.
The ordinates of the curve of Fig. 2 were

divided by H to give the distribution with respect
to Hp and then divided by sin 0 to give the
distribution with respect to the energy which is
shown in Fig. 5. This curve has a maximum at
3.87X10' electron volts. The average value of
the energy obtained from this curve by graphical

V .tele ctrl volt'si

Fro. 5. Energy distribution curve of the beta-rays.

means is 4.71X10' electron volts. Fig. 6 shows
the experimental curve and the curve obtained
from the Fermi theory. Both curves have been
reduced to unit area and the abscissae are
proportional to the energy instead of being actual
energies. Since all the energy distribution curves
of the simple type of the different radioactive
substances are of the same general form, Fermi's
theory should apply to all. He, however, points
out that the present theory which he has thus far
developed does not apply to radium E.The curve
of Fig, 6 shows this to be the case.
The endpoint of the P-ray spectrum of radium

E has been estimated from the effective range of
the particles in various substances such as paper
and aluminum and has been found to be between
an Hp of 5000 and 5500 corresponding to an
energy of 10.3 to 12.1X10' electron volts. This
method was used by Schmidt, Gray, Douglas,
Feather and Sargent. A kink always appears in
the absorption curve which is taken to be the
effective range of the fastest particles in the
substance. From this it is possible to estimate the
endpoint of the spectrum. It is quite often rather

[Scott’35]

• 1915: Chadwick showed that “β-ray” spectrum is continuous

• 1930: Pauli introduced the “neutrons” to remedy this issue
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1930: Pauli’s Famous Letter
Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to
you in more detail, how because of the “wrong” statistics of the N and Li6 nuclei
and the continuous beta spectrum, I have hit upon a desperate remedy to save
the “exchange theorem” of statistics and the law of conservation of energy.
Namely, the possibility that there could exist in the nuclei electrically neutral
particles, that I wish to call neutrons, which have spin 1/2 and obey the
exclusion principle and which further differ from light quanta in that they do not
travel with the velocity of light. The mass of the neutrons should be of the same
order of magnitude as the electron mass and in any event not larger than 0.01
proton masses.

(. . . )

Unfortunately, I cannot appear in Tübingen personally since I am
indispensable here in Zurich because of a ball on the night of 6/7 December.
With my best regards to you, and also to Mr Back.

Your humble servant,

Wolfgang Pauli
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Brief History

• 1932: Chadwick discovers the neutron (the “actual” neutron)

• 1933: Fermi establishes his theory of β-decay

• 1956: Cowan & Reines detect electron neutrinos from a nuclear reactor (Los
Alamos) by inverse β-decay

ν̄e + p→ n + e+

• 1957: Goldhaber, Grodzins & Sunyar show that neutrinos are left-handed

• 1962: Lederman, Schwartz & Steinberger detect the muon neutrino

Ü neutrinos come in flavours

• 1968: Davis (Homestake) detects electron neutrinos from the Sun

• measured flux is lower than expected
Ü solar neutrino problem

νe + 37Cl→ 37Ar + e−
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Brief History

• 1976: Perl et al. discovery the tau lepton

• eventually leads to the discovery of the tau neutrino

• 1980s: IMB & KamiokaNDE (nucleon decay experiments) start observing
atmospheric neutrinos

νe + N → e− + X νµ + N → µ− + X

• 1985: IMB & Kamiokande observe atmospheric neutrino anomaly

• 1986: Kamiokande confirms solar neutrino deficit

νe + e− → νe + e−

• 1987: IMB & Kamiokande observe Supernova 1987A

• our only extra-terrestrial neutrino source, so far!

• 1988: Noble Prize to Lederman, Schwartz and Steinberger (muon neutrino)
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Brief History

• 1989: LEP (CERN) & SLC (SLAC) show that there are only three light active
neutrinos

• 1995: Nobel Prize to Reines and Perl (electron and tau neutrino)

• 1998/2000: Super-Kamiokande reports atmospheric muon neutrino oscillations
mostly to tau neutrino

• 2001/2: SNO shows that solar deficit is caused by oscillations

νe + d → e− + p + p νx + d → νx + p + n

• 2002: Noble Prize to Koshiba and Davis (solar/supernova neutrinos)

• 2012: Daya Bay and RENO measure non-zero θ13

• important for CP violating phases

• 2013: IceCube observes PeV neutrinos

• 2015: Noble Prize to Kajita and McDonald (neutrino oscillation and mass)
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Neutrino Mixing

• neutrinos have three active flavours that are superpositions of mass eigenstates

|να〉 =
∑

j

U∗αj|νj〉

• Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix:

U = R23(θ23)


cos θ13 0 sin θ13e−iδ

0 1 0

− sin θ13eiδ 0 cos θ13

 R12(θ12)


eiα1/2 0 0

0 eiα2/2 0

0 0 1


• Dirac phase δ, two Majorana phase α1/2, and three rotations θij

• evolution of states governed by Liouville equation:

ρ̇ = −i[H, ρ] H =
∑

i

m2
i

2Eν
|νi〉〈νi|︸ ︷︷ ︸

free Hamiltonian

+Vmatter
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Vacuum Oscillations
• vacuum case (Vmatter → 0):

ρ̇ij =
i∆m2

ij

2Eν
ρij with mass splitting ∆m2

ij ≡ m2
i − m2

j

• neutrinos originate via weak interactions as flavour eigenstates |να〉 :

ρ(L) =
∑

i,j

U∗αiUαj exp
(

i∆m2
ijL

2Eν

)
|νi〉〈νj|

• survival probability Pνα→νβ = Tr[ρα(L)Πβ ] :

Pνα→νβ = δαβ−4
∑
i>j

< (U∗αi Uβi Uαj U∗βj) sin2 ∆ij +2
∑
i>j

= (U∗αi Uβi Uαj U∗βj)︸ ︷︷ ︸
possible CP violation

sin 2∆ij

• oscillation phase:

∆ij ≡
∆m2

ijL
4Eν

' 1.27
(

∆m2
ij

eV2

)(
L

km

)(
Eν

GeV

)−1
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Vacuum Oscillations
• Most neutrino flavour oscillation phenomena can be understood as a

two-level system: |να〉
|νx〉

 '
 cos θeff sin θeff

− sin θeff cos θeff

|ν′1〉
|ν′2〉


• survival probablity:

Pνα→να ' 1− sin2(2θeff) sin2 ∆m2
effL

4Ē

14. Neutrino mixing 33

The data of ν-oscillations experiments were often analyzed in the past, and in certain
cases new data are still analyzed at present, assuming 2-neutrino mixing:

|νl⟩ = |ν1⟩ cos θ + |ν2⟩ sin θ , |νx⟩ = −|ν1⟩ sin θ + |ν2⟩ cos θ , (14.51)

where θ is the neutrino mixing angle in vacuum and νx is another flavour neutrino or
sterile (anti-) neutrino, x = l′ ̸= l or νx ≡ ν̄sL. In this case we have [139]:

P 2ν(νl → νl) = 1 − 1

2
sin2 2θ

(
1 − cos 2π

L

Lv

)
= 1 − sin2 2θ

(
sin2 ∆m2

4E
L

)
,

P 2ν(νl → νx) = 1 − P 2ν(νl → νl) , (14.52)

where Lv = 4π E/∆m2 (p = E), ∆m2 = m2
2 − m2

1 > 0. Combining the CPT invariance
constraints with the probability conservation one obtains: P (νl → νx) = P (ν̄l → ν̄x) =
P (νx → νl) = P (ν̄x → ν̄l). These equalities and Eq. (14.52) with l = µ and x = τ were
used, for instance, in the analysis of the Super-K atmospheric neutrino data [17], in which
the first compelling evidence for oscillations of neutrinos was obtained. The probability
P 2ν(νl → νx), Eq. (14.52), depends on two factors: on (1 − cos 2πL/Lv), which exhibits
oscillatory dependence on the distance L and on the neutrino energy p = E (hence the
name “neutrino oscillations”), and on sin2 2θ, which determines the amplitude of the
oscillations. In order to have P 2ν(νl → νx) ∼= 1, two conditions have to be fulfilled:
one should have sin2 2θ ∼= 1 and Lv ! 2πL with cos 2πL/Lv ∼= −1. If Lv ≫ 2πL, the
oscillations do not have enough time to develop on the way to the neutrino detector
and P (νl → νx) ∼= 0, while P (νl → νl) ∼= 1. The preceding comments are illustrated in
Fig. 14.6 showing the dependence of the probability P 2ν(νe → νe) = P 2ν(ν̄e → ν̄e) on the
neutrino energy.

Table 14.4: Sensitivity of different oscillation experiments.

Source Type of ν E[MeV] L[km] min(∆m2)[eV2]

Reactor νe ∼ 1 1 ∼ 10−3

Reactor νe ∼ 1 100 ∼ 10−5

Accelerator νµ, νµ ∼ 103 1 ∼ 1

Accelerator νµ, νµ ∼ 103 1000 ∼ 10−3

Atmospheric ν’s νµ,e, νµ,e ∼ 103 104 ∼ 10−4

Sun νe ∼ 1 1.5 × 108 ∼ 10−11

A given experiment searching for neutrino oscillations is specified, in particular,
by the average energy of the neutrinos being studied, Ē, and by the source-detector
distance L. The requirement Lv

jk ! 2πL determines the minimal value of a generic

neutrino mass squared difference ∆m2 > 0, to which the experiment is sensitive (figure

October 6, 2016 11:02
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Atmospheric Neutrino Problem

cos zenith
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-1 0 1
0

1000

Sub-GeV e-like
 9775 Events

Super-Kamiokande I-IV
306 kt y

-1 0 1
0

1000

-likeµSub-GeV 
10147 Events

Prediction

τν → µν

-1 -0.5 0
0

200

µUpStop 
 1370 Events

-1 0 1
0

200

400

Multi-GeV e-like
 2653 Events

-1 0 1
0

500

1000

-like + PCµMulti-GeV 
 5485 Events

-1 -0.5 0
0

500

1000

µUpThrough 
 5896 Events

[Super-Kamiokande’98; >5000 citations!]
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Matter Effects

• non-universal matter effects for electron neutrinos:

Vmatter =
√

2GFNe|νe〉〈νe|

• full Hamiltonian (in mass eigenstates of the free Hamiltonian)

H =
1

4E

∆m2
0 0

0 −∆m2
0

+
GFNe√

2

cos 2θ0 sin 2θ0

sin 2θ0 − cos 2θ0

+ phases

• effective mass difference and mixing in matter:

∆m2
matter = ∆m2

0

[(
1− Ne

Nres

)2

cos2 2θ0 + sin2 2θ0

] 1
2

Nres =
∆m2

0 cos 2θ0√
22EGF

tan 2θmatter =

(
1− Ne

Nres

)−1

tan 2θ0

Ü Mikheyev-Smirnov-Wolfenstein (MSW) effect
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Matter Effects

Oscillation Adiabatic Conversion Matter-Enhanced Oscillation

[Smirnov’16]
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Solar Neutrino Problem

[Bahcall’04]

solution: low energy (pp) oscillation average / high energy adiabatic conversion of νe (MSW)
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Solar Neutrino Problem

 [MeV]νE
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) eν 
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BX pp
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[PDG’17]

solution: low energy (pp) oscillation average / high energy adiabatic conversion of νe (MSW)
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Present Status

• solar neutrino oscillations with small mass splitting: [www.nu-fit.org]

∆m2
� ' ∆m2

21 = 7.50+0.19
−0.17 × 10−5eV2

• unknown mass ordering: normal m1 < m2 < m3 (inverted m3 < m1 < m2)

• atmospheric oscillations with large mass splitting:

∆m2
atm ' |∆m2

3`| = 2.524+0.039
−0.040 × 10−3eV2

(
2.514+0.038

−0.041 × 10−3eV2
)

• best-fit mixing parameters:

θ12/
◦ ' 33.56+0.77

−0.75 θ23/
◦ ' 41.6+1.5

−1.2

(
50.0+1.1

−1.4

)
θ13/

◦ ' 8.46+0.15
−0.15

(
8.49+0.15

−0.15

)
• CP violating Dirac phase: δCP/

◦ ' 261+51
−59

(
277+40
−46

)
• limit on the sum of neutrino masses from cosmology:

∑
i

mi < 0.23eV [Planck’15]

? Dirac or Majorana, absolute mass scale, sterile neutrinos, origin of mass,. . .
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Non-Anthropogenic Neutrino Fluxes
1 cosmic neutrino background

〈Eν〉 ' 1.95K ' 168µeV

2 solar neutrinos
0.1MeV(pp) . 〈Eν〉 . 10MeV(8Be)

3 supernova neutrinos
〈Eν〉 ' O(10)MeV

4 atmospheric neutrinos

〈Eν〉 ' 100 MeV, with power-law tail: E−3.7

5 (diffuse) Galactic neutrinos

〈Eν〉 ' 100 MeV, with power-law tail: E−2.7

6 extragalactic neutrinos

observed range: 10TeV . Eν . 10PeV

7 cosmogenic neutrinos
〈Eν〉 ' 1EeV
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Non-Anthropogenic Neutrino Fluxes
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+
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SN 1987A/(4π)/(3s)

avg. atmo. νµ + ν̄µ

avg. atmo. νe + ν̄e

avg. Galactic diffuse

IceCube HESE (4yr)

IceCube νµ + ν̄µ (6yr)

cosmogenic (proton)
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Non-Anthropogenic Neutrino Fluxes
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Cosmic Neutrino Background
• Fermions in the early Universe follow a Fermi-Dirac distribution:

f (E, T) = (1 + exp[(E − µ)/kBT])−1

• number density in the early Universe (neglecting chemical potentials / g : degrees
of freedom)

n =
g

(2π)3

∫
d3pf (E, T) = g

3ζ(3)

4π
(kBT)3

• neutrinos are in thermal equilibrium in the early Universe:

νe + ν̄e ↔ e+ + e− e± + νe ↔ e± + νe e± + ν̄e ↔ e± + ν̄e

• weak interaction cross sections

σeν ' O(1)
G2

F

π
s

• collision time

t ' (neσeν)−1 ' O(1)
G2

F

π
T−5

Ü freeze-out temperature determined by tHubble ' tc Ü kBTνe ' 1.5 MeV
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Cosmic Neutrino Background
• temperature-dependence of entropy density is:

sf =
7π2

180
gf T3 sb =

2π2

45
gbT3 sf

sb
=

7
8

gf

gb

• degrees of freedom for bosons (b) and fermions (f)

gγ = 2 ge± = 2× 2 = 4 gν = 2× (1 + 1 + 1) = 6

• after neutrino freeze-out at kBTνe ' 1.5 MeV, still Tγ = Tν

• shortly afterwards, at kBTνe ' me : e+e− pairs annihilate and heat up the photons

• entropy-ratio remains constant:

sγ
sγ + se±

= 1 =

(
Tafter
γ

Tbefore
γ

)3
gγ

gγ + 7
8 ge±

=

(
Tafter
γ

Tbefore
γ

)3
4
11

• fixed temperature ratio remains until today:

TCνB =

(
4

11

) 1
3

TCMB ' 1.95K (168µeV)
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Cosmic Neutrino Background

• neutrino energy density is large in
early Universe

Ü allows to constrain the number of
active light neutrino species

• massive neutrino change the
expansion history near the epoch
of matter-radiation equality

Ü alters temperature anisotropies of
the CMB

• “free-streaming” of neutrinos
influences the growth of
large-scale structure

Ü reduces matter power spectrum at
low wavelength

photons 

neutrinos 

cdm 

baryons 

Λ 

[Lesgourgues & Pastor’12]

m2 = 0.01eV & m3 = 0.05eV
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Solar Neutrinos
• The Sun’s luminosity is sustained by thermo-nuclear fusion:

4p + 2e− → 4He + 2νe + 26.73MeV− Eν

• average neutrino energy is 〈Eν〉 ' 0.6 MeV

W I C K  H A X T O N

A remarkable detector of solar neutrinos 
 called Borexino has operated for 
the past seven years in Italy’s Gran 

Sasso Laboratory, shielded by more than a 
kilo metre of rock from the cosmic rays that  
bombard Earth’s surface. A prolonged effort 
has reduced background signals from radio-
active elements present in the detector that 
would otherwise obscure the neutrino signal. 
On page 383 of this issue, the Borexino Col-
laboration1 reports how this background sup-
pression has enabled direct detection of the 
low-energy neutrinos produced in the nuclear 
reaction that initiates solar-energy generation.

Attempts to identify the source of solar 
energy have a long history2. In the nineteenth 
century, gravitational contraction was the 
only known mechanism that could plausibly 
account for the Sun’s luminosity and extended 
lifetime. Because this limited the Sun’s age to 
about 30 million years, physicist Willliam 
Thomson (Lord Kelvin) concluded that Charles 
Darwin’s geological estimate of 300 million 
years for the age of the Earth was incorrect. 

The beginning of the twentieth century 
marked the discoveries of the equivalence of 
mass and energy, embodied in Albert Einstein’s 
famous equation E = mc2, and of radioactive 
decays in which a nucleus changes its charge 
through weak interactions. Following Francis 

Aston’s measurements in 1920 of the mass dif-
ference between four protons and a helium-4 
(4He) nucleus, Arthur Eddington proposed 
that the source of solar energy is the fusion of 

four protons to form 4He. Later, responding to 
criticism that the Sun is not sufficiently hot to 
sustain nuclear fusion, Eddington invited his 
critic to “go and find a hotter place”.

This dispute was resolved by George 
Gamow, who showed that quantum tunnelling 
would allow two solar protons to approach one 
another within the range required for nuclear 
fusion to occur. The detailed reactions lead-
ing to the synthesis of 4He were then deduced3: 
the proton–proton (pp) chain (Fig. 1) in the 
case of small, slowly evolving stars such as the 
Sun, and the carbon–nitrogen (CN) cycle in 
more-massive, rapidly evolving stars. Steady 
nuclear-energy release in the solar core keeps 
the temperatures high, ionizing hydrogen (H) 
and 4He and producing a plasma in which 
the electrons act as a gas. The Sun burns in a 

p + p 2H + e+ + Qe p + e–  + p 2H + Qe

3He + 3He 4He + 2p 3He + 4He 7Be + J

7Be + e– 7Li + Qe
7Be + p 8B + J

7Li + p 2 4He 8B 2 4He + e+ + Qe

2H  + p 3He + J

ppI

ppII ppIII

99.76%

83.30%

0.24%

16.70%

99.88% 0.12%

in specific sites, possibly mediated by an AhR-
dependent mechanism. Indeed, a recent report 
portrays a ‘disease-tolerance defence pathway’ 
controlled by AhR, in which AhR-dependent 
tolerance against lipopolysaccharide, a compo-
nent of the bacterial cell wall, imparts protec-
tion against pathogenic invasion13. Collectively, 
these findings provide evidence for AhR’s role 
in mammalian host defence against phenazine-
producing bacterial infections and unfold an 
exciting chapter in our understanding of AhR 
functions.

The diverse collection of AhR ligands, 
including hazardous chemical substances, 
metabolites from tryptophan, dietary ligands 
in fruits and cruciferous vegetables, and 
phenazines, suggest that this elusive ‘Scarlet 
Pimpernel’-like receptor harbours a complex 

and diverse repertoire of functions that 
remain to be discovered. Moura-Alves and 
colleagues’ findings spark the fascinating idea 
of an evolutionarily developed AhR–micro-
biome connection, through which microbial 
communities can modulate host functions to 
reinstate the ‘survival of the fittest’. ■

Parag Kundu and Sven Pettersson are in 
the Lee Kong Chian School of Medicine and 
the Singapore Centre on Environmental Life 
Sciences Engineering, Nanyang Technological 
University, Singapore 637551. S.P. is also at the 
National Cancer Center, Singapore General 
Hospital, Singapore and in the Department 
of Microbiology, Tumor and Cell Biology, 
Karolinska Institute, Stockholm, Sweden.
e-mail: sven.pettersson@ki.se

N E U T R I N O  P H Y S I C S

What makes  
the Sun shine
Neutrinos produced in the nuclear reaction that triggers solar-energy generation 
have been detected. This milestone in the search for solar neutrinos required a 
deep underground detector of exceptional sensitivity. SEE ARTICLE P.383

Figure 1 | The pp chain. The proton–proton (pp) chain of reactions is the dominant mechanism by 
which four protons are fused in the Sun to produce 4He. Its three cycles, labelled ppI, ppII and ppIII, are 
each accompanied by a distinctive electron neutrino (νe). In cases in which two reactions compete, the 
relative percentages of the two branches are indicated (taken from the standard solar model12). p, Proton; 
2H, deuterium; e+, positron; e−, electron; γ, γ-ray; 3,4He, helium-3 and -4; 7Be, beryllium-7;  7Li, lithium-7;  
8B, boron-8. The Borexino Collaboration1 reports the first measurement of the neutrinos associated with 
the p+p reaction, and earlier measured the neutrinos from the 7Be and p + e− + p reactions.
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Solar Neutrinos

18 14. Neutrino mixing

Table 14.2: Neutrino-producing reactions in the Sun (first column) and their
abbreviations (second column). The neutrino fluxes predicted by the BPS08(GS)
model [100] are listed in the third column.

Reaction Abbr. Flux (cm−2 s−1)

pp → d e+ ν pp 5.97(1 ± 0.006) × 1010

pe−p → d ν pep 1.41(1 ± 0.011) × 108

3He p → 4He e+ν hep 7.90(1 ± 0.15) × 103

7Be e− → 7Li ν + (γ) 7Be 5.07(1 ± 0.06) × 109

8B → 8Be∗ e+ν 8B 5.94(1 ± 0.11) × 106

13N → 13C e+ν 13N 2.88(1 ± 0.15) × 108

15O → 15N e+ν 15O 2.15(1+0.17
−0.16) × 108

17F → 17O e+ν 17F 5.82(1+0.19
−0.17) × 106

Figure 14.2: The solar neutrino spectrum predicted by the BPS08(GS) standard
solar model [100]. The neutrino fluxes are given in units of cm−2s−1MeV−1 for
continuous spectra and cm−2s−1 for line spectra. The numbers associated with the
neutrino sources show theoretical errors of the fluxes. This figure is taken from Aldo
Serenelli’s web site, http://www.mpa-garching.mpg.de/~aldos/.

October 6, 2016 11:02

[Particle Data Group’17]
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Solar Neutrinos

18 14. Neutrino mixing

Table 14.2: Neutrino-producing reactions in the Sun (first column) and their
abbreviations (second column). The neutrino fluxes predicted by the BPS08(GS)
model [100] are listed in the third column.

Reaction Abbr. Flux (cm−2 s−1)

pp → d e+ ν pp 5.97(1 ± 0.006) × 1010

pe−p → d ν pep 1.41(1 ± 0.011) × 108

3He p → 4He e+ν hep 7.90(1 ± 0.15) × 103

7Be e− → 7Li ν + (γ) 7Be 5.07(1 ± 0.06) × 109

8B → 8Be∗ e+ν 8B 5.94(1 ± 0.11) × 106

13N → 13C e+ν 13N 2.88(1 ± 0.15) × 108

15O → 15N e+ν 15O 2.15(1+0.17
−0.16) × 108

17F → 17O e+ν 17F 5.82(1+0.19
−0.17) × 106

Figure 14.2: The solar neutrino spectrum predicted by the BPS08(GS) standard
solar model [100]. The neutrino fluxes are given in units of cm−2s−1MeV−1 for
continuous spectra and cm−2s−1 for line spectra. The numbers associated with the
neutrino sources show theoretical errors of the fluxes. This figure is taken from Aldo
Serenelli’s web site, http://www.mpa-garching.mpg.de/~aldos/.

October 6, 2016 11:02

[Bahcall, Serenelli & Basu’08]
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Core-Collapse Supernovae

• massive star (& 8M�) at the end of its lifetime

• hydrostatic equilibrium:
shells of nuclear burning material

• Fe core grows until electron degeneracy pressure can
not balance gravitational force.

Ü Chandrasekhar limit: (M ' 1.5M�)

• collapse to a proto-neutron star (PNS) with matter
density ρPNS ' 3× 1014g/cm3

• Infalling matter bounces off PNS and drives a shock
wave.

Ü About 99% of gravitational binding energy of iron
core released in neutrinos!

Fe

O-Si
He

Fe

PNS
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Core-Collapse Supernovae

• hydrostatic equilibrium (virialised system):

−1
2
〈Φgravity〉 = 〈Ekin〉 =

3
2

kBT

• size of the proto-neutron star:

M ' 1.5M� & ρ ' 3× 1014g/cm3 → RPNS ' 13km

• gravitational binding energy (homogenous sphere):

Φtot = −3
5

GN
M2

R
→ 〈Φgravity〉 = −3

5
GN

Mmp

R

• virial temperature:
kBT ' 30MeV
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Core-Collapse Supernovae

• time scale of emission determined by neutrino diffusion in dense nuclear
(N = n, p) medium

νe + n↔ p + e−

ν̄e + p↔ n + e+

νx + N → νx + N

ν̄x + N → ν̄x + N

• scattering length in PNS with σνN ' (G2
F/π)(kbT)2:

λint =
mp

ρσνN
' 3.3cm

(
kBT

30MeV

)−2

• diffusion time-scale out of PNS:

tdiff ' R2
PNS

cλint
' 17s

(
kBT

30MeV

)2
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Supernova 1987A

core-collapse SN observed in the Large Magellanic Cloud (' 50kpc)

Markus Ahlers (NBIA) High-Energy Neutrinos June 29, 2017 slide 29



Supernova 1987A

neutrino burst (' 10s) observed with Kamiokande, Baksan, and
Irvine-Michigan-Brookhaven experiment
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Neutrino Flux Calculation

• After emission, neutrinos only undergo adiabatic (redshift) losses.

dE
dt

= −H(z)E → dE
dz

=
E

1 + z
→ E(z) = (1 + z)E0

• By definition, the observed neutrino (energy) flux relates to the luminosity L as∫
dEνEνFν(Eν) =

L
4πd2

L(z)

• luminosity distance dL(z) can be calculated in a given cosmology:

dL = (1 + z)

z∫
0

dz′

H(z′)

• “ΛCDM” cosmology : Ωm ' 0.3, ΩΛ ' 0.7 & H0 ' 70km/s/Mpc:

H(z) = H0

√
ΩΛ + (1 + z)3Ωm

Markus Ahlers (NBIA) High-Energy Neutrinos June 29, 2017 slide 31



Neutrino Flux Calculation
• For a source at redshift z with neutrino emission spectrum Qν we have:

Fν(z,E) =
(1 + z)2

4πd2
L(z)

Qν((1 + z)E)

• diffuse flux from a population of sources

φν(E) =
c

4π

∞∫
0

dz
dVc

dz
ρ(z)Fν(z,E)

• co-moving number density ρ(z) encodes the source number evolution

• co-moving volume:

Vc(z) =
4π
3

d3
c (z) =

4π
3

(
dL(z)
1 + z

)3

→ dVc

dz
= 4π

(
dL(z)
1 + z

)2 1
H(z)

• together:

φν(E) =
c

4π

∞∫
0

dz
ρ(z)
H(z)

Qν((1 + z)E)
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Example: Diffuse Supernova Neutrino Flux

• time-integrated neutrino spectrum (all flavours): [Horiuchi, Beacom & Dwek’09]

Qν(E) ' Etot
120
7π4

E2
ν

(kBT)4

1

1 + exp
(

Eν
kBT

)
• from earlier discussion we take kBT ' 10 MeV for M ' 1.5M� (Chandrasekhar

mass limit)

• almost all of the gravitational binding energy goes into neutrinos (RPNS ' 13 km)

Etot ' −Φtot ' 3
5

GN
M2

RPNS
' 3× 1053 erg ' 2× 1053 TeV

• core-collapse supernova rate proportional to star-formation rate ρ̇∗ and initial
mass function ψ(M)

ρ̇(z)/ρ̇∗(z) '

 50∫
8

dMψ(M)

/ 100∫
0.1

dMMψ(M)

 ' 0.01
M�
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Example: Diffuse Supernova Neutrino Flux

0 1 2 3
redshift z

0.01

0.1

1

ρ *.
 [

M
O. 

yr
-1

 M
pc

-3
]

UV
FIR
UDF
LBG
Hα

[Horiuchi, Beacom & Dwek’09]
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Example: Diffuse Supernova Neutrino Flux

10−6 10−4 10−2 100 102 104 106 108

E [TeV]

10−10

10−8

10−6

10−4

10−2

100

102

104

106
E

2 φ ν
+

ν̄
[G

eV
cm
−2

s−
1

sr
−1

]
Non-Anthropogenic Neutrino Fluxes (per flavour)

core-collapse SNe

SN 1987A/(4π)/(3s)
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Example: Diffuse Supernova Neutrino Flux

0 5 10 15 20 25 30 35 40
Measured Ee  [MeV]

10-2

10-1

100

101

102

103

dN
/d

E e  [
(2

2.
5 

kt
on

) y
r M

eV
]-1

Reactor !e

Supernova !e    (DSNB)

!
µ !e

Atmospheric

GADZOOKS!

[Beacom & Vagins’04]

Gadolinium Antineutrino Detector Zealously Outperforming Old Kamiokande, Super!
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Cosmic Ray Spectrum

27. Cosmic rays 15
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Figure 27.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 27.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy

December 18, 2013 11:57

one event per
m2 and day

one event per
km2 and hour

one event per
km2 and year

[mod. from PDG (http://pdg.lbl.gov)]

• Cosmic ray observations either direct (satellite/balloon) or indirect (atmospheric showers)
• steeply falling broken power-law spectra: dN/dE ∝ E−Γ with Γ ' 2.7− 3.0
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Cosmic Ray Interactions

1 10 100 103

center of mass energy
p

s [GeV]
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0.1

1

10

102

103
cr

os
s

se
ct

io
n

s
[m

b]

pp (total)
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pg (total)Δ(1232)

[data from PDG (http://pdg.lbl.gov)]
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Pion Production Efficiency
• pion production depend on target opacity τ = `σn

• “bolometric” pion production efficiency (inelasticity κ):

fπ = 1− exp(−κτ)

• inelasticity per pion : κπ = κ/〈Nall π〉 ' 0.17− 0.2

• “bolometric” relation of the production rates Q:

E2
πQπ±(Eπ)

〈Nπ+〉+ 〈Nπ−〉
'
[

fπE2
NQN(EN)

〈Nπ0〉+ 〈Nπ+〉+ 〈Nπ−〉

]
EN=Eπ/κπ

• charged-to-neutral pion ratio:

Kπ ≡ 〈Nπ+〉+ 〈Nπ−〉
〈Nπ0〉 '

{
2 pp
1 pγ

• or in more compact form with Kπ:

E2
πQπ±(Eπ) ' fπ

Kπ
1 + Kπ

[
E2

NQN(EN)
]

EN=Eπ/κπ
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Neutrinos from Pion Decay

• Cosmic rays interact with gas and radiation in sources or en-route to Earth.

• neutrinos from meson production

π+ → µ+ + νµ and π− → µ− + ν̄µ

• energy fraction x carried by secondary particles distributed as:

Fπ+→νµ(xν) = Fπ−→ν̄µ(xν) =
1

1− rπ
Θ(1− rπ − xν)

Fπ+→µ+(xµ) = Fπ−→µ−(xµ) =
1

1− rπ
Θ(xµ − rπ)

• muon-to-pion mass ratio: rπ ≡ m2
µ/m2

π ' 0.57

• average energy fraction of νµ (ν̄µ):

〈x〉π+→νµ = 〈x〉π−→ν̄µ =
1− rπ

2
' 21%
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Neutrinos from Muon Decay

• pion rest-frame: right-handed µ− (h = 1) & left-handed µ+ (h = −1)

• in ultra-relativistic frame:

〈hπ+→µ+〉(xµ) =
2rπ

(1− rπ)xµ
− 1 + rπ

1− rπ
〈hπ−→µ−〉(xµ) = −〈hπ+→µ+〉(xµ)

• neutrino spectrum from muon decay depend on helicity:

Fµ+→ν̄µ(xν , h) =

(
5
3
− 3x2

ν +
4
3

x3
ν

)
+ h

(
−1

3
+ 3x2

ν −
8
3

x3
ν

)
Fµ+→νe (xν , h) =

(
2− 6x2

ν + 4x3
ν

)
+ h

(
2− 12xν + 18x2

ν − 8x3
ν

)
Fµ−→νµ(xν , h) = Fµ+→ν̄µ(xν ,−h)

Fµ−→ν̄e (xν , h) = Fµ+→νe (xν ,−h)
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Summary: Average Neutrino Energy

• neutrino spectra of second of ν̄µ (νµ)
and νe (ν̄e)

Fπ+→µ+→ν̄µ(xµ, xν) = Fπ+→µ+(xµ)

× Fµ+→ν̄µ(xν , 〈hπ+→µ+〉(xµ))

Fπ+→µ+→νe (xµ, xν) = Fπ+→µ+(xµ)

× Fµ+→νe (xν , 〈hπ+→µ+〉(xµ))

Fπ−→µ−→νµ(xµ, xν)

= Fπ+→µ+→ν̄µ(xµ, xν)

Fπ−→µ−→ν̄e (xµ, xν)

= Fπ+→µ+→νe (xµ, xν)

F(xν) =

∫
dxµF(xν , xµ)

0.0 0.2 0.4 0.6 0.8 1.0
energy fraction xν

0.0

0.2

0.4

0.6

0.8

1.0

x ν
〈F
〉(x

ν)
fr

om
π+

(π
− )

de
ca

y

νµ (ν̄µ )

ν̄µ (νµ )

νe (ν̄e)
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Summary: Average Neutrino Energy
• average neutrino energy fraction

〈x〉 =

∫
dxµdxνxµxνF(xµ, xν)

• in summary:

〈x〉π+→νµ = 〈x〉π−→ν̄µ =
1− rπ

2
' 21%

〈x〉π+→νµ = 〈x〉π−→ν̄µ =
3 + 4rπ

20
' 26%

〈x〉π+→νe = 〈x〉π−→ν̄e =
2 + rπ

10
' 26%

• to cut a long story short:

〈x〉νx ' 〈x〉ν̄x '
1
4

& κπ ' 1
5
→ 〈Eν〉

EN
' 1

20

Ü We will use this approximation from now on!
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Atmospheric Neutrinos

• Atomsphere is constantly bombarded
with an isotropic flux of cosmic rays
(CRs)

φN ' 1.8× 104
(

EN

GeV

)−2.7 1
m2 s sr GeV

(10GeV . EN . 100 TeV)

• CR interactions in the atmosphere
produce extended air showers

• neutrinos from meson production, e.g.:

π+ → µ+ + νµ

• high-energy muons can be considered
stable over atmospheric length scales:

λµ ' 15km
Eµ

2.4GeV

2 29. Cosmic rays

where E is the energy-per-nucleon (including rest mass energy) and α (≡ γ + 1) = 2.7
is the differential spectral index of the cosmic-ray flux and γ is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 29.1. Figure 29.1 shows the
major components for energies greater than 2 GeV/nucleon. A useful compendium of
experimental data for cosmic-ray nuclei and electrons is described in [1].

Figure 29.1: Fluxes of nuclei of the primary cosmic radiation in particles per
energy-per-nucleus are plotted vs energy-per-nucleus using data from Refs. [2–13].
The figure was created by P. Boyle and D. Muller.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located
within the Galaxy [14]. The ratio of secondary to primary nuclei is observed to decrease
with increasing energy, a fact interpreted to mean that the lifetime of cosmic rays in the
galaxy decreases with energy. Measurements of radioactive “clock” isotopes in the low
energy cosmic radiation are consistent with a lifetime in the galaxy of about 15 Myr [15].

October 1, 2016 19:59

[PDG’17]
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Atmospheric Neutrinos

• Nucleons attenuated in the atmosphere x ≡ ctρ:

∂xφN = −φN

λN
→ φN = e−x/λNφ

(0)
N

• Meson decay (τM ∝ EM) competes with meson interactions (λM).

∂xφM = −φM

λM
− φM

cρτM
+ ZNM(E)

φN

λN

• low energy (τM � λM) :

φM(x)→ ZNM
cτMρ

λN
e−x/λNφ

(0)
N ∝ E−1.7

N

• high energy (τM � λM) :

φM(x)→ ZNM
e−x/λM − e−x/λN

1− λN/λM
φ

(0)
N ∝ E−2.7

N
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Atmospheric Neutrinos
• neutrino spectrum determined by:

φν '
xmax∫
0

dx

∞∫
Eν

dE′
1

cτ ′ρ
F(E′,Eν)φM(E′, x)

• pion decay in the ultra-relativistic limit:

F(E′,Eν) =
Θ((1− r)E′ − Eν)

(1− r)E′
r ≡ m2

µ

m2
π

• energy scaling of the atmospheric neutrino spectrum:

φν ∝
∞∫

Eν

dE′
1
E′︸︷︷︸
τ ′

× 1
E′︸︷︷︸
F

×
{

E′−1.7 τ ′M � λM

E′−2.7 τ ′M � λM︸ ︷︷ ︸
φM

∝
{

E−2.7
ν τM � λM

E−3.7
ν τM � λM

• typical analytic approximation: [Lipari’93]

φν '
∑

M

φlow
M→νφ

high
M→ν

φlow
M→ν + φhigh

M→ν
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Atmospheric Neutrinos
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Neutrino Floor for DM searches

1 10 100 1000 104
10�50

10�49

10�48

10�47

10�46

10�45

10�44

10�43

10�42

10�41

10�40

10�39

10�38

10�37

10�14

10�13

10�12

10�11

10�10

10�9

10�8

10�7

10�6

10�5

10�4

10�3

10�2

10�1

WIMP Mass �GeV c2!

W
IM
P
�
n
u
cl
eo
n
cr
o
ss
se
ct
io
n

�c
m
2
!

W
IM
P
�
n
u
cl
eo
n
cr
o
ss
se
ct
io
n

�p
b
!

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2
012)COUPP (2012)

LUX (2013)

 D
A

M
IC           (2012)

C
D

M
S

lite
 (2

0
1
3)

DarkSide G2

P
IC

O
2
5
0
-C

3
F

8

DarkSide 50

Xenon1T
DEAP3600

LZ
PICO250-CF3I

LUX 300day

SuperCDMS SNOLAB

S
up

erCDMS S NOLAB

8B
Neutrinos

Atmospheric and DSNB Neutrinos

7Be
Neutrinos

COHEREN
T N

EUTRIN O SCATTERIN
G
 

 
C

O
H

E
R

E
N

T
 N

E
U

TR
I NO  SCATTERING  

COHERENT NEUTRINO SCATTERING  

[Cooley’14]

Markus Ahlers (NBIA) High-Energy Neutrinos June 29, 2017 slide 48



Cosmic Ray Spectrum

27. Cosmic rays 15
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Figure 27.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 27.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy

December 18, 2013 11:57
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• Cosmic ray observations either direct (satellite/balloon) or indirect (atmospheric showers)
• steeply falling broken power-law spectra: dN/dE ∝ E−Γ with Γ ' 2.7− 3.0
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Galactic Cosmic Rays

• Standard paradigm:
Galactic CRs accelerated in
supernova remnants

4 sufficient power: ∼ 10−3 ×M� with
a rate of ∼ 3 SNe per century

[Baade & Zwicky’34]

• galactic CRs via diffusive shock
acceleration?

nCR ∝ E−γ (at source)

• energy-dependent diffusion
through Galaxy

nCR ∝ E−γ−δ (observed)

• arrival direction mostly isotropic

CR diffusion

source

Markus Ahlers (NBIA) High-Energy Neutrinos June 29, 2017 slide 50



Diffuse Galactic Neutrinos

• Interactions of cosmic rays with
gas in the Milky Way creates a flux
of γ-rays and neutrinos.

Ü This has been be observed and
inferred by Fermi-LAT.

• 0th order approximation:

• use locally observed CR density
as a proxy for the average
Galactic distribution

• approximate gas target density

• 1st order approximation:

• solve the 3D steady state
solution (e.g. GALPROP)

• “realistic” gas target density

• . . . results very similar.
[Fermi’12]
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Diffuse Galactic Neutrinos
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[MA, Bai, Barger & Lu’16]
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Diffuse Galactic Neutrinos

Galactic

Galactic diffuse (log10(wsignal/wiso))

-1.30535 1.95475

[MA, Bai, Barger & Lu’16]
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Cosmic Ray Spectrum

27. Cosmic rays 15
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Figure 27.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 27.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy

December 18, 2013 11:57
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[Particle Data Group’13]

• Cosmic ray observations either direct (satellite/balloon) or indirect (atmospheric showers)
• steeply falling broken power-law spectra: dN/dE ∝ E−Γ with Γ ' 2.7− 3.0
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Cosmic Ray Accelerators?

• Hillas: fundamental energy
bound on cosmic accelerators

Ü accelerators with size R and
magnetic field strength B:

Emax ' 0.9βZ
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High-energy Neutrino Interactions

• Low-energy (Eν . 10 GeV) neutrino interaction with matter in quasi-elastic or
resonant interactions.

• High-energy neutrinos interact with nuclei in deep inelastic scattering processes.
• “Charged” (a/b) and “neutral” (c/d) current interactions with partons:

u

ν

d

ℓ

W±

(a)

d

ν

u

ℓ

W±

(b)

u/d

ν

u/d

ν

Z0

(c)

u/d

ν

u/d

ν

Z0

(d)

• Process is “deep inelastic”: hadronization of struck nucleus.
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Deep Inelastic Scattering 41

q

p

P

k k′

ℓ ℓ′

N H︸
︷︷

︸

s ⌘ (P + k)2 t ⌘ q2 ⌘ �Q2

M2 ⌘ P 2 W 2 ⌘ (P + q)2

x ⌘ Q2

2 q · P
y ⌘ q · P

k · P

(Bjorken � x) (inelasticity)

Q � M W � M

(deep) (inelastic)

FIG. 14: The kinematics of deep inelastic scattering.

If we assume that the Standard Model holds to be the correct description of physics at much
higher energies we can estimate the neutrino cross section and its uncertainties by an extrapolation
from low energy data. However, one should keep in mind that this doesn’t take into account model
uncertainties: after all neutrino observatories probe physics that could be radically di↵erent from
our present knowledge.

We will discuss in the following the Standard Model interactions of neutrinos with matter in
the Earth’s atmosphere or its interior. In collisions with matter the left-handed neutrino couples
weakly via Z0 and W± exchange with the constituents of a proton or neutron. The calculation
of this process involves both perturbative and non-perturbative aspects due to ‘hard’ and ‘soft’
processes, respectively, and the scale dependence of the strong coupling.

1. Parton Formalism

The gauge coupling of quantum chromodynamics (QCD) increases as the renormalization scale
µ decreases, a behavior which leads to the ‘confinement’ of quarks and gluons at distances smaller
that the characteristic size ⇤�1

QCD ' (300MeV)�1 ' 1 fm. In nature (except in high temperature
environments (T � ⇤QCD) as in the early universe) the only manifestations of SU(3)C colored
representations are composite gauge singlets such as mesons and baryons. These bound states
consist of valence quarks qv, which determine the overall spin, isospin and flavour of the hadron
and a sea of gluons and anti-quark-quark pairs, g and qs, which results from QCD radiation and
pair-creation. These constituents of baryons and mesons are also called ‘partons’.

Due to the strength of the QCD coupling at small scales the neutrino-nucleon interactions
cannot be described in a purely perturbative way. However, since the QCD interaction decreases
as the renormalization scale increases (’asymptotic freedom’) the constituents of a nucleon may be
treated as loosely bound objects within su�ciently small distance and time scales (⇤�1

QCD). Hence,
in a hard scattering process of a neutrino involving a large momentum transfer to a nucleon the
interactions between quarks and gluons may factorize from the subprocess (see Fig. 14). Due to
the renormalization scale dependence of the couplings this factorization will also depend on the
absolute momentum transfer Q2 ⌘ �q2.

A general lepton-nucleon scattering process is sketched in the top panel of Fig. 14. A nucleon
N with mass M scatters o↵ the lepton ` by a t-channel exchange of a boson. The final state consist
of a lepton `0 and a hadronic state H with center of mass energy (P + q)2 = W 2. This scattering
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Deep Inelastic Scattering
• charged current: [e.g. Gandhi, Quigg, Reno & Sarcevic’98]

d2σCC

dQ2dx
=

G2
F

π

(
m2

W

Q2 + m2
W

)2 (
q(x,Q2) + q̄(x,Q2)(1− y2)

)
• structure functions q(x,Q2) = fd + fs and q̄(x,Q2) = fū + f̄c

• neutral current:

d2σNC

dQ2dx
=

G2
F

4π

(
m2

Z

Q2 + m2
Z

)2 (
q0(x,Q2) + q̄0(x,Q2)(1− y2)

)
• structure functions:

q0 = (fu + fc + ft)L2
u + (fū + f̄c + f̄t)R2

u + (fd + fs + fb)L2
d + (fd̄ + f̄s + fb̄)R2

d

q̄0 = (fu + fc + ft)R2
u + (fū + f̄c + f̄t)L2

u + (fd + fs + fb)R2
d + (fd̄ + f̄s + fb̄)L2

d

• chiral couplings (θW : Weinberg angle):

Lu = 1− 4
3

sin2 θW Ld = −1 +
2
3

sin2 θW Ru = −4
3

sin2 θW Rd =
2
3

sin2 θW
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Deep Inelastic Scattering
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[Mertsch, Cooper-Sarkar & Sarkar’11]
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High-energy Neutrino Detection

8 High energy neutrino collisions with nuclei are rare.

8 Backgrounds are huge and partially irreducible!

back-of-the-envelope (Eν ∼ 1015 eV):

• flux of neutrinos :
d2Nν
dt dA

∼ 1
cm2 × 105yr

• cross section : σνN ∼ nbarn = 10−33cm2

• targets: NN ∼ NA × V/cm3

Ü rate of events :

Ṅν ∼ NN × σνN × d2Nν
dt dA

∼ 1
year

× V
1km3
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Neutrino observation at very high energies
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Cherenkov radiation in transparent media (glaciers, lakes, oceans,. . . ).
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Neutrino observation at very high energies
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Coherent radio Cherenkov emission (Askaryan effect).
Observation in-situ, balloons or satellites.
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Neutrino observation at very high energies
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Coherent radio Cherenkov emission (Askaryan effect).
Observation from lunar regolith.
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Neutrino observation at very high energies
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Acoustic detection?
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Neutrino observation at very high energies
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Deeply penetrating quasi-horizontal showers.
Observation by CR surface arrays.
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Neutrino observation at very high energies
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Observation by CR surface arrays and/or fluorescence
detectors/satellites.
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Neutrino observation at very high energies
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Earth-skimming tau neutrinos.

Markus Ahlers (NBIA) High-Energy Neutrinos June 29, 2017 slide 68



The IceCube Observatory

incorporate the disciplines of manufacturing 
and systems engineering into a group that 
had little experience with large-scale high-
reliability production of anything, let alone 
highly complex digital sensors that had to 
survive deep-ice deployments—that in itself 
is a story to !ll many pages. 

Somehow in this time we worked 
through the design issues, spun out three 
further revisions of the mainboard, assem-
bled and tested DOMs, and wrote software 
to read out the sensors. We also built three 
production sites including the enormous 
deep freezer laboratories to cold-test each 
and every module at -55 °C while being 
subjected to a battery of functional tests 
and optical calibrations, bought a bunch 
of cables, and adapted a standard ship-
ping container already at the South Pole 

and equipped it with electronics to make a 
temporary IceCube counting house. Vivid 
memories remain of the numerous meet-
ings and telephone calls, travels, tense 
moments and outright arguments, diagrams 
drawn, nails bitten, and plan Bs.

And so in 2005 there was one string—
string 21—that made it into the ice and 
when we turned it on, voila! all modules 
were working just !ne. One module started 
to spark several weeks after deployment, 
but this case was happily resolved by 
turning down the high voltage applied to 
the phototube. 

It was a great relief to us all that all 
the DOMs were talking with the surface. 
Despite previous experience with AMANDA 
modules and all the engineering that went 
into making the IceCube DOMs even more 

robust, no one really knew that everything 
would work until the modules were in the 
ice. 

Each DOM’s pressure housing had been 
tested to 10,000 psi but the refreezing ice 
could have easily crushed the cabling or 
snapped the penetration point where the 
cable enters the glass sphere. Building a 
laboratory to simulate refreeze seemed a 
project as big as IceCube so we had to cross 
our !ngers at this point. 

The design, having been proved in ice, 
did not change signi!cantly from that !rst 
year. The one major design "aw with the 
DOM, an improperly spec’d signal trans-
former, was !xed along with some other 
minor changes. A later “high quantum 
e#ciency” DOM was produced beginning 
in 2008 for IceCube’s DeepCore extension; 

Above: IceCube drilling map overlaid on the South Pole aerial map. 

Opposite: Drilling and deployment towers for the last two holes, Nos. 79 and 80, near the IceCube Lab with the Enhanced Hot Water Drill hose reel in the foreground.  
The DOMs in these two holes are part of the Deep Core array.  
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The IceCube Observatory

• Giga-ton Cherenkov
telescope at the South Pole

• 60 digital optical modules
(DOMs) per string

• 78 IceCube strings
125 m apart on triangular grid

• 8 DeepCore strings
DOMs in particularly clear ice

• 81 IceTop stations
two tanks per station, two
DOMs per tank

• 7 year construction phase
(2004-2011)

• price tag: 30 cents per ton
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The IceCube Observatory
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The IceCube Observatory

IC-1(IT-4) IC-9 (IT-16) IC-22 (IT-26) IC-40 (IT-40)

IC-59 (IT-59) IC-79 (IT-73) IC-86 (IT-81)

04-05 Season 05-06 Season 06-07 Season 07-08 Season

08-09 Season 09-10 Season 10-11 Season
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The IceCube Observatory

IceCube Lab
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The IceCube Observatory

Drilling with new IceTop tanks
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The IceCube Observatory

Inside an IceTop Tank
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The IceCube Observatory

Firn & Ice Drilling
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The IceCube Observatory

String & Optical Module
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Neutrino Event Signatures
inelastic scattering of neutrinos via charged and neutral current (CC/NC) interactions

NC showers

νall

CC showers

νe,τ

muon tracks

νµ

double pulse

ντ

double bang

ντ

“lollipop”

ντ

inverted “lollipop”

ντ

“sugardaddy”

ντ

“tautsie pop”

ντ
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Tracks and Cascades
• “cascades”: good energy, but poor angular resolution (∆θ > 10◦)
• “muon tracks”: poor energy, but good angular resolution (∆θ . 0.5◦)
• time-dependent signal: early to late light detection

track event (IC-79) cascade event (IC-86)

[two examples from the high-energy starting event (HESE) analysis; IceCube Science 342 (2013)]
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High-energy starting event (HESE) analysis

• veto region marked as
gray area (incl. dust layer)

• event passes if less than 3
of 250 first photo electrons
(PE) are in veto region

• require high charge
(> 6000 PE) to ensure
high statistics

• background of
atmospheric muons can
be estimated from data

• high efficiency above
50-100 TeV

Ü excess beyond ∼ 60 TeV

Event Selection For Contained Events

I Define a fiducial
volume and a veto
region

I Make sure first 3/250
hits are not on
boundary

I Go to high energy
(> 6000 PE) to make
sure significant
numbers of photons
expected on boundary

I Topology/direction
independent sample

I Becomes fully
e�cient at
⇠ 50 � 100 TeV

90 meters

10 meters

veto region

Side 

!ducial volume

!ducial volume

80 meters

-1450 m

-2085 m
-2165 m

-2450 m

N. Whitehorn, UW Madison MANTS 2013 - 6

[IceCube Collaboration’15]
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First (and Second) Light!
• High-Energy Starting Events (HESE) (6.5σ in 4yrs): [Science 342 (2013)]

• bright events (Eth & 30TeV) starting inside IceCube
• efficient removal of atmospheric backgrounds by veto layer

• Up-going muon-neutrino tracks (5.6σ in 6yrs): [Astrophys.J. 833 (2016)]

• large effective volume due to ranging in tracks
• efficient removal of atmospheric muon backgrounds by Earth-absorption
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Neutrino Flavors

• initial composition: νe : νµ : ντ
pion & muon decay: 1 : 2 : 0
neutron decay: 1 : 0 : 0
muon-damped pion decay: 0 : 1 : 0

p p ⇡ X

µ ⌫µ

e ⌫e ⌫̄µ

p � ⇡ X

µ ⌫µ

e ⌫e ⌫̄µ

p � � 1232 ⇡ n

µ ⌫µ

e ⌫e ⌫̄µ

1

• oscillation-averaged probability:

Pνα→νβ '
∑

i

|Uαi|2|Uβi|2

neutron
decay
(1:0:0)

oscillation-averaged

pion & muon
decay
(1:2:0)

muon-suppressed
pion decay

(0:1:0)

25%

50%

75%

75%

50%

25%

75
%

50
%

25
%

ντ

νµ

νe

• “NuFit 1.3”: sin2 θ12 = 0.304 / sin2 θ23 = 0.577 / sin2 θ13 = 0.0219 / δ = 251◦

4 observed events consistent with equal contributions of all neutrino flavors
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Neutrino Flavors

• initial composition: νe : νµ : ντ
pion & muon decay: 1 : 2 : 0
neutron decay: 1 : 0 : 0
muon-damped pion decay: 0 : 1 : 0

p p ⇡ X

µ ⌫µ

e ⌫e ⌫̄µ

p � ⇡ X

µ ⌫µ

e ⌫e ⌫̄µ

p � � 1232 ⇡ n

µ ⌫µ

e ⌫e ⌫̄µ

1

• oscillation-averaged probability:

Pνα→νβ '
∑

i

|Uαi|2|Uβi|2

Combined Maximum-Likelihood Analysis of IceCube High-Energy Data 13

Figure 5. Best-fit neutrino spectra for the single power law model
(all flavors combined). The blue and red shaded areas correspond
to 68% C.L. allowed regions for the conventional atmospheric and
astrophysical neutrino flux, respectively. The prompt atmospheric
flux is fitted to zero, we show the 90% C.L. upper limit on this
component instead (green line).

Figure 6. Best-fit astrophysical neutrino spectra (all flavors com-
bined). The red shaded area corresponds to the 68% C.L. allowed
region for the single power law model (cf. Figure 5). The black
data points show the result of the di↵erential model; the horizontal
bars denote the bin width, the vertical error bars denote 68% C.L.
intervals.

Figure 7. Electron neutrino fraction measured at Earth in the 2-
flavor model. The black point denotes the best-fit value, the filled
bands show the 68% (green) and 90% (red) C.L. intervals. The
dashed lines mark electron neutrino fractions expected for di↵erent
flavor compositions at the source, assuming tribimaximal neutrino
mixing angles.

Figure 8. Profile likelihood scan of the flavor composition
at Earth. Each point in the triangle corresponds to a ratio
⌫e : ⌫µ : ⌫⌧ as measured on Earth, the individual contribu-
tions are read o↵ the three sides of the triangle. The best-fit
composition is marked with “⇥”, 68% and 95% confidence
regions are indicated. The ratios corresponding to three flavor
composition scenarios at the sources of the neutrinos, computed
using the oscillation parameters in Gonzalez-Garcia et al. (2014,
inverted hierarchy), are marked by the square (0 : 1 : 0),
circle (1 : 2 : 0), and triangle (1 : 0 : 0), respectively. The
best-fit composition obtained in an earlier IceCube analysis of
the flavor composition (Aartsen et al. 2015c) is marked with a “+”.

Ruiz et al. (2015) (based on event sample H1, presented
in Aartsen et al. 2014e), and by Palladino et al. (2015),
Pagliaroli et al. (2015), and Aartsen et al. (2015c) (based
on event samples that were extended with respect to H1,
respectively). With respect to these measurements, the
constraints presented here are significantly improved; we
attribute this to the fact that the combined event sam-
ple analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015c) (white
“+” in Figure 8) lies outside the 95% C.L. region, the
68% C.L. region obtained here is completely contained
within that obtained in the previous work, demonstrat-
ing the compatibility of the two results. Because neither
analysis was designed to identify tau neutrinos, a degen-
eracy with respect to the ⌫⌧ -fraction is observed in both,
the slight preference towards a smaller ⌫⌧ -contribution
found here is likely connected to the slight di↵erences in
the energy distributions of the three neutrino flavors. In
future, the identification of tau neutrinos will enable us
to place stronger constraints on the flavor composition
of the astrophysical neutrino flux.

We acknowledge the support from the following agen-
cies: U.S. National Science Foundation-O�ce of Polar
Programs, U.S. National Science Foundation-Physics Di-
vision, University of Wisconsin Alumni Research Foun-
dation, the Grid Laboratory Of Wisconsin (GLOW) grid
infrastructure at the University of Wisconsin - Madi-
son, the Open Science Grid (OSG) grid infrastructure;
U.S. Department of Energy, and National Energy Re-
search Scientific Computing Center, the Louisiana Opti-
cal Network Initiative (LONI) grid computing resources;
Natural Sciences and Engineering Research Council

[IceCube’15]

• “NuFit 1.3”: sin2 θ12 = 0.304 / sin2 θ23 = 0.577 / sin2 θ13 = 0.0219 / δ = 251◦

4 observed events consistent with equal contributions of all neutrino flavors
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Neutrino Arrival Directions
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*

* event appears in both samples

• 16 “cascade events” (circles) and 3 “tracks events” (diamonds) with Edep & 100 TeV

• 28(+1) up-going muon neutrino events with Eµ & 200 TeV [IceCube’15]

8 no significant spatial or temporal correlation of events
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Multi-messenger Paradigm

• Neutrino production is closely related
to the production of cosmic rays (CRs)
and γ-rays.

Ü pion production in CR interactions with
gas (“pp”) or radiation (“pγ”); neutrinos
with about 5% of CR nucleon energy

• 1 PeV neutrinos correspond to
20 PeV CR nucleons and
2 PeV γ-rays

Ü very interesting energy range:

• Glashow resonance?

• galactic or extragalactic?

• isotropic or point-sources?

CR

ν

γ
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The Cosmic “Beam”

27. Cosmic rays 15
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Figure 27.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [88–99,101–104].

giving a result for the all-particle spectrum between 1015 and 1017 eV that lies toward
the upper range of the data shown in Fig. 27.8. In the energy range above 1017 eV, the
fluorescence technique [100] is particularly useful because it can establish the primary
energy in a model-independent way by observing most of the longitudinal development
of each shower, from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light absorption in the
atmosphere and the calculation of the detector’s aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic origin, the knee could
reflect the fact that most cosmic accelerators in the galaxy have reached their maximum
energy. Some types of expanding supernova remnants, for example, are estimated not to
be able to accelerate protons above energies in the range of 1015 eV. Effects of propagation
and confinement in the galaxy [106] also need to be considered. The Kascade-Grande
experiment [98] has reported observation of a second steepening of the spectrum near
8 × 1016 eV, with evidence that this structure is accompanied a transition to heavy

December 18, 2013 11:57
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[Particle Data Group’13]
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Proposed Source Candidates I

• Galactic: (full or partial contribution)

• diffuse Galactic γ-ray emission [MA & Murase’13; Joshi J C, Winter W and Gupta’13]

[Kachelriess and Ostapchenko’14; Neronov, Semikoz & Tchernin’13]

[Neronov & Semikoz’14,’16; Guo, Hu & Tian’14; Gaggero, Grasso, Marinelli, Urbano & Valli’15]

• unidentified Galactic γ-ray emission [Fox, Kashiyama & Meszaros’13]

[Gonzalez-Garcia, Halzen & Niro’14]

• Fermi Bubbles [MA & Murase’13; Razzaque’13]

[Lunardini, Razzaque, Theodoseau & Yang’13; Lunardini, Razzaque & Yang’15]

• supernova remnants [Mandelartz & Tjus’14]

• pulsars [Padovani & Resconi’14]

• microquasars [Anchordoqui, Goldberg, Paul, da Silva & Vlcek’14]

• Sagitarius A* [Bai, Barger, Barger, Lu, Peterson & Salvado’14; Fujita, Kimura & Murase’15,’16]

• Galactic Halo [Taylor, Gabici & Aharonian’14]

• heavy dark matter decay [Feldstein, Kusenko, Matsumoto & Yanagida’13]

[Esmaili & Serpico ’13; Bai, Lu & Salvado’13; Cherry, Friedland & Shoemaker’14]

[Murase, Laha, Ando, MA’15; Boucenna et al.’15 ; Chianese, Miele, Morisi & Vitagliano’16]
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Galactic Emission Models: Two Examples

Hard Galactic Diffuse Emission
4

FIG. 3: Comparison of Fermi/LAT and IceCube spectra of
sources in the direction of the inner Galaxy. Magenta data
points show the overall γ-ray spectrum of a −30◦ < l < 30◦,
−4◦ < b < 4◦ part of the Galactic Plane. Red data points
show the estimates of IceCube neutrino flux above 100 TeV.
Black thick solid line shows a broken power law model for
the γ-ray spectrum with soft (thin,dotted) and hard (thin
dashed) components. Grey band shows the uncertainty of
the spectrum of the hard component.

FIG. 4: Same as in Fig. 3, but for the region −90◦ < l <
−30◦.

neutrinos. To find the effective area corresponding to the
range of declinations of interest we use the declination de-
pendence of the count rate from an isotropic source [2]
and find that the effective area of the detector is almost
declination-independent in the Southern hemisphere for
the event selection chosen for the analysis. This effective
area is by a factor 1.3 higher than the 4π-averaged af-
fective area reported in [2]. This information is sufficient
for the estimate of the flux in the 100 TeV-3 PeV energy
band shown in Fig. 3.

From Fig. 3 one could see that the IceCube flux es-
timate lies right at the power law extrapolation of the
γ-ray spectrum of the Galactic Ridge to the 100 TeV
energy range. At the same time, the estimate of the neu-
trino flux is inconsistent with the extrapolations of the
spectra of individual sources contributing to the Galactic
Ridge. This suggests a model in which the hard compo-
nent of the γ-ray flux from the entire Galactic Ridge and
the neutrino flux from the inner Galaxy direction are pro-
duced via one and the same mechanism: interactions of
cosmic rays with the interstellar medium.

The relation between the γ-ray and neutrino signal
from cosmic ray interactions in the interstellar medium
should hold not only in the Galactic Ridge region, but
everywhere along the Galactic Plane. This means that
the extrapolation of the γ-ray signal from the sub-TeV
toward higher energies should provide a good estimate
for the 100 TeV neutrino signal all along the Galactic
Plane [4]. To verify the self-consistency of the model in
which the observed E > 100 TeV neutrinos at low Galac-
tic latitudes are coming from the cosmic ray interactions,
we also extract the γ-ray spectrum and estimate the neu-
trino flux from the region −90◦ < l < −30◦, see Fig. 4.
This region is entirely contained in the Southern hemi-
sphere, so that our estimate of the IceCube exposure is
also applicable for this region. From Fig. 4 one could see
that the detection of one E > 100 TeV neutrino from the
direction toward this part of the Galactic Plane is con-
sistent with the expectations based on the extrapolation
of the γ-ray spectrum.

Counting the numbers of photons with energies above
100 GeV coming from the inner and outer Galaxy, we find
that the γ-ray flux from the outer part of the Galactic
Disk (90◦ < l < 270◦) is approximately three times lower
than the flux from the inner Galactic Disk [3]. If both
γ-rays and neutrinos coming from the direction of the
Galactic Plane are produced by cosmic ray interactions,
the ratio of neutrino flux from the outer Galactic Plane
to that from the inner Galactic plane is also expected to
be approximately 1 ÷ 3. This is what is observed in the
IceCube data (see Fig. 1). There are four neutrinos with
energies above 100 TeV from the inner Galactic Disk and
one from the outer Galactic Disk. This demonstrates the
self-consistency of the hypothesis that low Galactic lati-
tude astronomical neutrinos with energies above 100 TeV
detected by IceCube could be a part of diffuse emission
from the Galaxy.

Modelling of diffuse γ-ray emission from the inner
Galaxy [3] suggests that a significant part of E >
100 GeV flux could be due to inverse Compton emission
from electrons. In this case, the flux of pion decay contri-
bution to the γ-ray flux measured by Fermi is lower than
the total flux of the Galactic Ridge region shown in Fig.
3. The spectrum of the pion decay component is softer in
the E ∼ 100 GeV band, so that the estimate of the neu-
trino flux in the E > 100 TeV band is inconsistent with
the high-energy extrapolation of the pion decay compo-
nent of the γ-ray spectrum. Our analysis suggests that

[Neronov, Semikoz & Tchernin’14]

PeV Dark Matter Decay (e.g. DM→ νν̄/qq̄)

75 for decaying VHDMwe checked that our basic conclusions
76 are not altered for more cored profiles. Predictions for the
77 diffuse γ-ray intensity and single source fluxes should be
78 very similar, since their normalization is fixed by the
79 diffuse neutrino intensity. The VHDM lifetime τdm ¼
80 τdm;27.510

27.5 s is a model parameter to be constrained,
81 and Rν ≡RνðEνÞ is the energy-dependent function con-
82 verting the bolometric flux to the differential flux at Eν,
83 which depends on final states (e.g., Ref. [56]). Assuming
84 that all decay products are Standard Model particles, for
85 demonstration, we consider several models proposed by
86 Refs. [36,39,41]. Following Refs. [57,58], with electro-
87 weak corrections, the final state spectra obtained from
88 10 TeV to 100 TeV masses are extrapolated to PeV masses.
89 Our choice of VHDMmodels is such that they include both
90 hard and soft spectra, so our results can be viewed as
91 reasonably model independent [25,29].
92 In Figs. 1 and 2, we show examples of the viable VHDM
93 scenario for diffuse PeV neutrinos observed in IceCube.
94 Using the ES13 model [36], where the VHDMmassmdm ¼
95 3.2 PeV is used, we consider DM → νeν̄e and DM → qq̄
96 with 12% and 88% branching fractions, respectively.
97 Although a bit larger masses are favored to explain the
98 2 PeV event, one can easily choose parameters accounting
99 for the observed data. In the RKP14 model [41], the

100 Majorana mass term is introduced in the Lagrangian, which
101 may lead to metastable VHDMdecaying into a neutrino and
102 Higgs boson. Reference [39] suggested another interesting
103 scenario, where the lightest right-handed neutrinos consti-
104 tute dark matter with mdm ¼ Oð1Þ PeV. We also consider

105this model for mdm ¼ 2.4 PeV, assuming branching frac-
106tionsDM → l$W∓∶DM → νZ∶DM → νh ≈ 2∶1∶1, where
107the neutrino spectral shape turns out to be similar to that of
108Ref. [41] (see Fig. 3). As in the latter two models, spectra
109may be more prominently peaked at some energy, and
110VHDM does not have to explain all the data.
111γ-ray limits.—Standard Model final states from decaying
112or annihilating VHDM lead to γ rays as well as neutrinos. If
113final states involve quarks, gluons, and Higgs bosons,
114neutrinos largely come from mesons formed via hadroni-
115zation, and γ rays are produced. A spectral bump is
116produced by two-body final states such as νh and/or weak
117bosons via leptonic decay into a neutrino and charged
118lepton. Electroweak bremsstrahlung is relevant even for
119possible decay into neutrino pairs. In extragalactic cases,
120the fact that the diffuse neutrino and γ-ray intensities are
121comparable gives us generic limits [9,50,51]. In Galactic
122cases, γ rays below ∼0.3 PeV can reach the Earth without
123significant attenuation, air-shower arrays such as
124KASCADE [59] and CASA-MIA [60] as well as Fermi
125[61] provide us with interesting constraints [19,62].
126We numerically calculate the diffuse γ-ray background,
127including both extragalactic and Galactic components.
128Thanks to the electron-positron pair creation, sufficiently
129high-energy γ rays are attenuated by the extragalactic
130background light and cosmic microwave background.
131Then, the pairs regenerate γ rays via the inverse-
132Compton and synchrotron emission. For an extragalactic
133component, we calculate electromagnetic cascades by
134solving Boltzmann equations. The resulting spectrum is
135known to be near-universal, following a Comptonized E−2

136power law in the 0.03–100 GeV range [53]. For a Galactic
137component, it is straightforward to calculate primary γ rays
138that directly come from VHDM. The γ-ray attenuation is
139approximately included by assuming the typical distance of
140Rsc, which gives reasonable results [19]. Extragalactic
141cascaded γ rays (including attenuated and cascade

F1:1 FIG. 1 (color online). Diffuse all-flavor neutrino and γ-ray
F1:2 intensities expected in the VHDM scenario. The ES13 model is
F1:3 assumed with τdm ¼ 3.0 × 1027 s. The total (thick dashed line)
F1:4 and extragalactic (thin dashed line) contributions to the cumu-
F1:5 lative neutrino background are shown with the observed data. The
F1:6 expected γ-ray background is also shown (thick solid) with the
F1:7 latest Fermi data. We also show contributions of extragalactic
F1:8 cascaded γ rays and direct γ rays from Galactic VHDM, which
F1:9 are not affected by uncertainty of Galactic magnetic fields.

F1:10 KASCADE and CASA-MIA γ-ray limits are indicated.
F2:1FIG. 2 (color online). The same as Fig. 1, but for the RKP14
F2:2model with τdm ¼ 3.5 × 1027 s.

P HY S I CA L R EV I EW LE T T ER S

2

[e.g. Murase, Laha, Ando & MA’15]

• anisotropy limits on Galactic emission [MA & Bai, Barger & Yang’15]

• limits on Galactic contribution from PeV γ-ray observation [Gupta’14; MA & Murase’14]
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Example: Galactic Diffuse Emission

Galactic

1
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20

HESE 3yr with Edep > 60 TeV, ntot = 20, f̂iso = 0.81, λ = 0.74

• Strong Galactic diffuse emission up to PeV? [Neronov, Semikoz & Tchernin’13’14]

• tracks (�) and cascades (◦) from HESE 3yr with Edep > 60 TeV; circles indicate angular uncertainty
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Example: Galactic Diffuse Emission

Galactic

1
23

4

5

6

7

8

9

10

11

12

13

14

15

16

17 18

19

20

21

22
23

sample with fiso = 0.50, ntot = 23, f̂iso = 0.76, λ = 0.86

• Galactic diffuse emission template derived with GALPROP [Strong & Moskalenko’98]

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Example: Galactic Diffuse Emission

Galactic

12
3 4

56
78 910
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29

sample with fiso = 0.00, ntot = 29, f̂iso = 0.09, λ = 26.03

• Galactic diffuse emission template derived with GALPROP [Strong & Moskalenko’98]

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Example: Galactic Diffuse Emission

Galactic
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31

sample with fiso = 1.00, ntot = 31, f̂iso = 0.82, λ = 1.11

• Galactic diffuse emission template derived with GALPROP [Strong & Moskalenko’98]

• simulated map: �/◦ : Galactic ν | �/◦ : isotropic ν | �/◦ : atmospheric ν | �/◦ : atmospheric µ
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Anisotropy Test

• unbinned maximum LH test statistic:

λ = 2 ln
∏

event j

[
µsig

j ( f̂iso) + µbgr
j ( f̂iso)

µbgr
j (1)

]

• f̂iso : fraction of isotropic events at
maximum LH

• 90% C.L. sensitivity :
fiso with 90% of samples λMC > λbgr

med

• 5σ C.L. discovery potential :
fiso with 50% of samples λMC > λbgr

5σ

• 90% C.L. upper limit :
fiso with 90% of samples λMC > λHESE
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test statistic λ
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0 fiso = 1 (background)

fiso = 0 (full Galactic)

grey: background distribution ( fiso = 1)

red: maximal signal distribution ( fiso = 0)
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Other Extended Galactic Emission

Galactic

SNR (log10(wsignal/wiso))

-0.662887 1.48511

Galactic

DM decay (log10(wsignal/wiso))

-0.334044 1.11719
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Sensitivity & Upper Limits

HESE 3yr observation sensitivity for fGal
‹

template � p-value˚ pfGal
‹ f90%

Gal
‹ HESE

3 yr
HESE
10 yr

Northern
⌫µ 3 yr

Galactic diffuse ⌫ # 0.74 0.19 0.19 0.50 0.30 0.15 0.25

SNR [65] 1.68 0.10 0.34 0.65 0.35 0.20 0.30

PWN [66] 1.77 0.09 0.30 0.60 0.30 0.15 0.25

DM decay [81] 1.48 0.11 0.46 – 0.60 0.30 0.85

Fermi Bubbles [74] 0.36 0.27 0.07 0.25 0.20 0.10 –

UnID TeV [7] 0.43 0.25 0.07 0.25 0.20 0.10 –

# The emission template is using GALPROP. We estimate the systematic uncertainty of fGal from the diffusion model to be
at the level of ˘10%.

˚ The p-value is calculated from � assuming a background distribution r�p�q ` �2
1p�qs{2.

‹ The Galactic fraction is defined as fGal “ 1 ´ fiso.

Table 1: Sensitivity and 90% C.L. lower limits of a Galactic fraction in the HESE data above
60 TeV. The first two columns shows the TS and maximum point pns using the IceCube approach
via Eq. (9).

Note that our result is not a full replacement of an IceCube analysis. Several steps of this
analysis can be improved, in particular the zenith and energy dependence of the events. We expect
that a dedicated IceCube analysis will improve the sensitivity of the analysis by a factor of a few.
In particular, for very high energy neutrinos the classical muon neutrino is also sensitive to emission
in the Southern Hemisphere, although at a much lower level [58]. A strong Galactic contribution
can also alter the best-fit value of the astrophysical contribution which requires a simultaneous fit
in the first place.

5 Discussion and Conclusions

We have studied the contributions of extended Galactic TeV-PeV neutrino emission sources in
relation to the IceCube observations. A guaranteed contribution to Galactic emission is from CR
propagations and interactions in the Galactic medium. We have studied the corresponding diffuse
emission of gamma-rays and neutrinos with the numerical cosmic ray propagation code GALPROP. In
our calculations we have assumed that the locally observed CR flux corresponds to the steady-state
solution of the diffusion-convection equation with a homogeneous and isotropic diffusion coefficient.
We found that under these assumptions the expected Galactic diffuse neutrino emission that is
consistent with �-ray (Fermi-LAT) and CR data (KASCADE, KASCADE-Grande and CREAM)

17

[MA, Bai, Barger & Lu’15]

• stronger sensitivity in combination with spectral and flavor analysis Ü ongoing IceCube analysis

• classical νµ + ν̄µ search with good angular resolution (but limited FoV)
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Proposed Source Candidates II
• Extragalactic:

• association with sources of UHE CRs [Kistler, Stanev & Yuksel’13]

[Katz, Waxman, Thompson & Loeb’13; Fang, Fujii, Linden & Olinto’14;Moharana & Razzaque’15]

• association with diffuse γ-ray background [Murase, MA & Lacki’13]

[Chang & Wang’14; Ando, Tamborra & Zandanel’15]

• active galactic nuclei (AGN) [Stecker’13;Kalashev, Kusenko & Essey’13]

[Murase, Inoue & Dermer’14; Kimura, Murase & Toma’14; Kalashev, Semikoz & Tkachev’14]

[Padovani & Resconi’14; Petropoulou et al.’15; Padovani et al.’16; Kadler et al.’16; Wang & Loeb’16]

• gamma-ray bursts (GRB) [Murase & Ioka’13; Dado & Dar’14; Tamborra & Ando’15]

[Senno, Murase & Meszaros’16]

• galaxies with intense star-formation
[He, Wang, Fan, Liu & Wei’13; Yoast-Hull, Gallagher, Zweibel & Everett’13; Murase, MA & Lacki’13]

[Anchordoqui, Paul, da Silva, Torres& Vlcek’14; Tamborra, Ando & Murase’14; Chang & Wang’14]

[Liu, Wang, Inoue, Crocker & Aharonian’14; Senno, Meszaros, Murase, Baerwald & Rees’15]

[Chakraborty & Izaguirre’15; Emig, Lunardini & Windhorst’15; Bechtol et al.’15]

• galaxy clusters/groups [Murase, MA & Lacki’13; Zandanel, Tamborra, Gabici & Ando’14]

• . . .
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Active Galactic Nuclei
• neutrino interactions from pγ interactions in AGN cores [Steckeret al.‘91]

• AGN diffuse emission normalized to X-ray background
• revised model predicts 5% of original estimate [Stecker’05;’13]

VOLUME 69, NUMBER 18 P H YS ICA L R EV I EW LETTERS 2 NOVEM BER 1992

ERRATA

High-Energy Neutrinos from Active Galactic Nuclei
[Phys. Rev. Lett. 66, 2697 (1991)I

F. W. Stecker, C. Done, M. H. Salamon, and P. Sommers

Because of a misprint in the original luminosity function reference which we used [I],our curve given in Fig. 2 for the
neutrino background flux from all active galactic nuclei (AGN) is in error. We have recalculated our predicted neutri-
no background flux from AGN using the more recent AGN x-ray luminosity function and redshift dependence relations
found by the ROSAT satellite [2]. Our revised result is shown in the figure. It has a slightly different shape; however,
the main difference is that the flux values are -45 times lower than those given previously. Most of that change is due
to the misprint error; however, a small part comes from using the new relations given in Ref. [2]. Our flux estimates for
individual sources remain unchanged, as does our qualitative conclusion that AGN produce the dominant neutrino back-
ground flux at high energies. This flux should be observable with the DUMAND II detector. For further discussion, see
Ref. [3]. We thank R. Protheroe for pointing out the problem of the misprint in Ref. [I].
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FIG. 2. The integrated high-energy v„(v„) neutrino back-
ground from AGN. Also shown is the horizontal v„(v„) flux
from high-energy cosmic rays interacting with the Earth's at-
mosphere (Ref. 26).

ill K. Morisawa and F. Takahara, Pub. Astron. Soc. Jpu. 41, 873 (1989).
l2l R. Della Ceca and T. Maccacaro, in Proceedings of the Workshop on Space Distribution of Quasars, Victoria, Canada, June

1991 (to be published).
I31 Proceedings of the High Energy Neutrino Astrophysics Workshop, University of Hawaii, March 1992, edited by V. J. Stenger

et al. (to be published).

2738

IceCube excess

x100

[Stecker et al.’91]
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Active Galactic Nuclei

• neutrino from pγ interactions in AGN jets [Mannheim’96; Halzen & Zas’97]

• complex spectra due to various photon backgrounds

• typically, deficit of sub-PeV and excess of EeV neutrinos

2

They are the most prominent extragalactic sources in
γ rays. A significant fraction of the diffuse γ-ray back-
ground is attributed to blazars whose jets are pointing
towards us. Imaging atmospheric Cerenkov telescopes
and the recent Fermi Gamma-ray Space Telescope have
discovered many BL Lac objects and flat spectrum radio
quasars (FSRQs) (for a review, see [23] and references
therein). Moreover, radio galaxies that are misaligned
by large angles to the jet axis and thought to be the par-
ent population of blazars in the geometrical unification
scenario [24], are also an important class of γ-ray sources.
Te blazar class has been investigated over many years as
sources of UHECRs and neutrinos [16, 25–27].

The spectral energy distribution (SED) of blazar jets is
usually modeled by nonthermal synchrotron and inverse-
Compton radiation from relativistic leptons, although
hadronic emissions may also contribute to the γ-ray spec-
tra (see, e.g., [28]). It has been suggested that the
SEDs of blazars evolve with luminosity, as described
by the so-called blazar sequence (e.g., [29–33]). The
blazar sequence has recently been exploited to system-
atically evaluate contributions of BL Lac objects and
quasar-hosted blazars (QHBs) (including steep spectrum
radio quasars as well as FSRQs) to the diffuse γ-ray
background [34–36]. Besides the jet component, typi-
cal quasars—including QHBs—show broad optical and
ultraviolet (UV) emission lines that originate from the
broadline regions (BLRs) found near supermassive black
holes. The BLR also plays a role in scattering radiation
emitted by the accretion disk that feeds matter onto the
black hole. In addition, the pc-scale dust torus surround-
ing the galactic nucleus is a source of infrared (IR) radi-
ation that provides target photons for very high-energy
CRs.

In this work, we study high-energy neutrino production
in the inner jets of radio-loud AGN, and examine the ef-
fects of external photon fields on neutrino production in
blazars. We use the blazar sequence to derive the dif-
fuse neutrino intensity from the inner jets. We show that
the cumulative neutrino background, if from radio-loud
AGN, is dominated by the most luminous QHBs. This
implies a cross correlation between astrophysical neutri-
nos with ∼ 1–100 PeV energies and bright, luminous FS-
RQs found by Fermi.

In previous works on the diffuse neutrino intensity [15,
16], only the jet and accretion-disk components were con-
sidered as target photons, but here we show that pγ in-
teractions with broadline photons and IR dust emission
are important when calculating the cumulative neutrino
background. Our study is useful to see if radio-loud AGN
can explain the IceCube signal or not. We show that the
simple inner jet model has difficulty in explaining the
IceCube data even when the external radiation fields are
taken into account. Even so, interestingly, we find that
the expected neutrino signal in the 0.1–1 EeV range pro-
vides promising targets for future projects suitable for
higher-energy neutrinos, such as the Askaryan Radio Ar-
ray (ARA) [37], the Antarctic Ross Ice-Shelf ANtenna
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FIG. 1: Schematic picture of a blazar, showing external
radiation fields relevant for neutrino production.

Neutrino Array (ARIANNA) [38], the Antarctic Impul-
sive Transient Antenna (ANITA) ultrahigh-energy neu-
trino detector [39], and the ExaVolt Antenna (EVA) mis-
sion [40].

Throughout this work, Qx = Q/10x in cgs units. We
take Hubble constant H0 = 70 km s−1 Mpc−1, and let
the dimensionless density paramters for mass and cos-
mological constant be given by ΩΛ = 0.7 and Ωm = 0.3,
respectively.

II. BLAZAR EMISSION

In general, the observed blazar SED consists of sev-
eral spectral components produced in different regions
(for reviews, see, e.g., [23, 28]). We consider four com-
ponents that can be relevant as target photons for pγ
interactions. First, broadband nonthermal synchrotron
and synchrotron self-Compton (SSC) emission originates
from the dissipation region dissipation in the jet. Sec-
ond, there are accretion-disk photons that enter the jet
directly or after being scattered by electrons in the sur-
rounding gas and dust. Provided that the jet location
is ! 1016 cm and the Thomson-scattering optical depth
is ! 0.01, the direct accretion-disk component can be
neglected [41]. The third component is the broad AGN
atomic line radiation; this emission component is espe-
cially relevant for PeV neutrino production in QHBs.
Fourth, there is IR emission from the dust torus. A
schematic diagram is shown in Fig. 1 and the SEDs of
blazars are shown in Fig. 2 as a function of the radio
luminosity at 5 GHz (L5GHz). Note that we regard the
SEDs as functions of L5GHz (see Table 1), and that the
radio luminosity itself is irrelevant for our calculations
since CRs do not interact with such low-energy photons.
There is uncertainty in modeling those four components
but our systematic approach is reasonable for the purpose
of obtaining neutrino spectra.
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FIG. 13: Cumulative neutrino background from radio-loud
AGN in the blazar sequence model. The CR spectral index
s = 2.3, and the CR loading factor ξcr = 100 (thick) and 500
(thin). The atmospheric muon neutrino background is also
shown (dot-dashed).

this conclusion holds even if we make hypothetically as-
sume broadline and IR emission for less luminous BL Lac
objects. As shown below, even ∼ 0.1 EeV neutrinos are
dominated by luminous QHBs.

In our model, note that the local CR energy bud-
get (integrated over CR energies) is estimated to be
Qcr ∼ 4 × 1044 ξcr erg Mpc−3 yr−1 and most of the CRs
come from blazars with L∗

X ! LX ! La when γ1 < 1.
The CR generation rate at 1019 eV is then written as
E′

pQE′
p
|1019 eV = (ξcrQr)/Rp|1019 eV, where Rp ∼ 20 and

Rp|1019 eV ∼ 840 for s = 2.3 (assuming εm
p ∼ 10 GeV

and εM
p ∼ 109.5 GeV). If we normalize the CR injec-

tion rate by the observed CR generation rate at 1019 eV
(0.6 × 1044 erg Mpc−3 yr−1), we obtain ξcr ∼ 3 and
ξcr ∼ 100 for s = 2.0 and s = 2.3, respectively. Although
such values are smaller than those required to support the
hypothesis that UHECRs originate from GRBs [19, 60],
larger CR loading factors are needed to achieve the in-
tensity level of the IceCube signal.

Blazars with Lrad ∼ 1048.5 erg s−1 have the X-ray lu-
minosity of LX ∼ 1044.5 erg s−1. The corresponding
number density at z = 0 is ρ ∼ a few × 10−12 Mpc−3.
Using these parameters as typical values, the diffuse neu-
trino intensity can be estimated to be

E2
νΦν ∼ 10−8 GeV cm−2 s−1 sr−1 ξcr,2R−1

p,2.5(fz/8)

×
(

min[1, fpγ ]

0.05

)
Lrad,48.5

(
ρ

10−11.5 Mpc−3

)
.(39)

Figs. 13 and 14 show results of our numerical calcu-
lations compared with the atmospheric muon neutrino
background [68]. As expected, with ξcr ∼ 10–100, it is
possible to have E2

νΦν ∼ 10−8 GeV cm−2 s−1 sr−1 at
PeV energies. We find that the inner jet model may
account for a couple of PeV neutrino events found by
IceCube. However, there are two difficulties. First, this
model cannot explain sub-PeV neutrino events. This is
because broadline emission leads to a low-energy cutoff
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FIG. 14: Same as Fig. 13, but for s = 2.0. Here ξcr = 3
(thick) and ξcr = 50 (thin).

in neutrino spectra around PeV. Also, both accretion-
disk and internal synchrotron emission components have
soft spectra in the relevant UV and soft X-ray energy
range, so the neutrino spectra are generally quite hard
at sub-PeV energies, which appears to be incompatible
with observations. Thus, for radio-loud AGN to explain
the excess IceCube neutrino signal, a two-component sce-
nario is needed, as discussed in several works [69, 70]. In
our case, sub-PeV neutrino events could be attributed
to an atmospheric prompt neutrino background that is
higher than the prediction by Enberg et al. [71] or, alter-
nately, different classes of astrophysical sources such as
star-forming galaxies and galaxy clusters. It may be pre-
mature to study such possibilities, however, because the
statistics are not yet sufficient to discriminate between
competing scenarios.

The second issue is that the calculated neutrino spec-
tra are quite hard above PeV energies. CR spectral
indices of s ≈ 2.0 are inconsistent with the IceCube
data, as many more higher-energy neutrino events would
be predicted, given the Glashow resonance at 6.3 PeV
and the increasing neutrino-nucleon cross section. To
avoid this problem, one sees from Figs. 13 and 14 that
steep CR spectra with s " 2.5, or maximum energies of
E′max

p ! 100 PeV, are needed. Another possible option
is to consider more complicated CR spectra, such as a
log-parabola function [69]. Note that if a simple power-
law CR spectrum is assumed from low energies to high
energies (as expected in the conventional shock acceler-
ation theory), steep spectral indices unavoidably lead to
excessively large CR energy budgets, whereas more com-
plicated curving or broken-power law CR spectra could
explain the IceCube data and relax source energetics.

While the inner jet model with a power-law CR proton
spectrum faces two difficulties to consistently explain the
IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13-16). In particular, for ξcr = 3 and s = 2.0 or
ξcr = 100 and s = 2.3, the CR energy generation rate
1019 eV is comparable to the UHECR energy budget at
that energy, which is intriguing, even though the Ice-

[Murase, Inoue & Dermer 1403.4089]
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Gamma-ray Bursts
• strong limits on neutrino emission associated with the fireball model [Abbasi et al.‘12]

Ü IceCube excess exceeds IC40+59 limit by factor ∼ 5

• loophole: undetected low-power γ-ray bursts (GRB) [Murase & Ioka 1306.2274]
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4Yr Tracks + 1Yr Cascades
90% CL Upper Limit
Photospheric Model Prediction
4Yr Tracks + 1Yr Cascades
90% CL Upper Limit
5Yr Tracks + 3Yr Cascades
Projected 90% CL Upper Limit

IceCube Preliminary
1.23 x model
0.69 x model
0.84 x model

[IceCube’16]
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Neutrino Features from Photon Backgrounds

• Breit-Wigner approximation (width Γ∆ ' 0.11 GeV and σ0 ' 34 µb)

σpγ(ε′) ' s
ε′2

σ0Γ
2
∆s

(s− m2
∆)2 + Γ2

∆s︸ ︷︷ ︸
Breit-Wigner

' s
ε′2

Γ∆

√
sσ0πδ(s− m2

∆)︸ ︷︷ ︸
narrow-width approximation

• interaction rate averaged over isotropic spectrum (ε′ = γε(1− cos θ))

Γpγ(E) ≡ 1
2

1∫
−1

d cos θ
∫

dε (1− cos θ)nγ(ε)σpγ(ε′)

=
1

2γ2

∫
dε′ε′σpγ(ε′)

∫
ε′/2γ

dx
x2 nγ(x)

• for power-law spectra nγ ∝ ε−α and narrow-width approximation:

Γpγ(E) ∝ Eα−1
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Example: Gamma-Ray Burst Spectra

• γ-ray emission of GRBs follow a “Band”
spectrum: [Band et al.’93]

nγ ∝
{

(ε/ε0)
−1 ε� ε0

(ε/ε0)
−2 ε� ε0

• resulting neutrino spectrum:
[Waxman & Bahcall’97]

φν ∝ Γpγφp ∝
{

E−Γ+2−1
ν ∼ E−1

ν

E−Γ+1−1
ν ∼ E−2

ν

• Actual ν spectrum becomes softer at
high energies due to synchrotron loss
of muons an pion before decay.

10−10

10−9

10−8

10−7

104 105 106 107 108
E

2
J
[G

eV
cm

−
2
s−

1
sr

−
1
]

E [GeV]

burst neutrino emission

∝ E
−γ

∝ E
−γ+1

∝ E
−γ−2

γ = 2 (Waxman’03)
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Starburst galaxies

• intense CR interactions (and acceleration) in dense starburst galaxies

• cutoff/break feature (0.1− 1) PeV at the CR knee (of these galaxies), but very
uncertain

• plot shows muon neutrinos on production (3/2 of total)

3

olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
νΦν(Eν = 1GeV) ≈ c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe = Φνµ = Φντ = Φν/2.

103 105 107 109 101110−9
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ν
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E2 ν Φ
ν  [

G
eV

/c
m

2  s 
sr

]

0.1 km2

1 km2

WB Bound

Star Bursts

AMANDA(ν
µ
); Baikal(νe)

Atmospheric→
← GZK

FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for Eν < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE ∝ E−p, then the

neutrino spectrum would be, E2
νΦνµ ∝ E2−p

ν . The energy
distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE ∝ E−2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, ∝ E−s [22], this implies a produc-
tion spectrum dN/dE ∝ E−p with p = 2.75 − s ≈ 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, ∼ 1 GeV to
∼ 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE ∼
E−2, the production of neutrinos of energy Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/1GeV)−0.15±0.1GeV cm−2 s−1 sr−1(3)

up to ∼ 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
Eν > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather

[Loeb & Waxman’06]

Messier 82 (M82)

Markus Ahlers (NBIA) High-Energy Neutrinos June 29, 2017 slide 102



Extragalactic: Diffuse vs. Point-Source
• diffuse flux φdiff is superposition of individual point sources with flux φPS:

φdiff =
1

4π

∫
dz

dVC

dz
ρ(z)

L
4πd2

L(z)︸ ︷︷ ︸
φPS

' O(1)
1

4π
ρ(0)

H0
L

• effective local density ρ(0) of extra-galactic sources is:

• ∼ 10−3 Mpc−3 for low-luminosity AGN

• ∼ 10−5 Mpc−3 for starburst galaxies

• ∼ 10−5 Mpc−3 for galaxy clusters

• & 10−5 Mpc−3 for UHE CR sources

• ∼ 10−8 − 10−7 Mpc−3 for radio galaxies

• ∼ 10−8 Mpc−3 for BL Lacs

• ∼ 10−11 − 10−10 Mpc−3 for flat-spectrum radio quasars
[Ahlers & Halzen’14; Murase & Waxman’16; Mertsch, Rameez & Tamborra’16]

Ü How does this relate to the non-observation of individual sources?
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Back-of-the-Envelope Estimate

unit 
volume

Hubble horizon

• expect one source per unit volume:

V1ρ(0) = 1

A total number of unit shells contributing
as much as the closest source

nshell ' (nsource)
1
3

Ü e.g., required number of events to see
a doublet from radio galaxies

N̄ = 2× (nsource)
1
3 ' 100− 300

B brightest source at distance

d1 '
(

3
4πρ(0)

) 1
3

Ü compare to point-source sensitivity
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Flux Distribution of a Standard Candle

• flux F ([F] = erg/s/cm2) and luminosity L ([L] = erg/s)

F =
L

4πr2 → |dF| = 2
L

4πr3 dr

• point-source number N

N(< r) = (4π/3)r3ρ → dN = 4πr2ρdr

• flux distribution
dN
dF
∝ r5 ∝ F−5/2

• distribution of the closest source (F1 ≡ L/(4πd2
1))

F
dp
dF

=
3
2

(
F1

F

) 3
2

e−
(

F1
F

) 3
2

• expected flux contribution

〈F〉 = 3Γ(4/3)F1 ' 2.7F1
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Flux Distribution of a Standard Candle
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Neutrino Point-Source Limits

• Diffuse neutrino flux normalizes
the contribution of individual
sources

Ü non-observation of individual
neutrino sources exclude source
classes, e.g.

8 blazars
(ρeff . 10−8Mpc−3)

8 gamma-ray bursts
(ρ̇eff ' 10−9Mpc−3yr−1)

Ü stronger limits possible via
source “stacking”

[MA & Halzen’14; Murase & Waxman’16]

[Mertsch, Rameez & Tamborra’16]
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[MA & Halzen’14]
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Hadronic Gamma-Ray Emission

• hadronic γ-rays from neutral pion
production in CR interactions:

π0 → γ + γ

Ü cross-correlation of γ-ray and
neutrino sources

8 electromagnetic cascades of
super-TeV γ-rays in CMB

4 Isotropic Diffuse Gamma-Ray
Background (IGRB) constraints the
energy density of hadronic γ-rays &
neutrinos

hadronic 
gamma rays

⌫
�

electromagnetic
cascades

�
�

e� e+

E � TeVE ⌧ TeV
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Neutrino and Gamma-Ray Emission

• neutrino emission from pion decay

1
3

∑
α

EνQνα(Eν) ' [EπQπ±(Eπ)]Eπ'4Eν
' 1

4
fπ

Kπ
1 + Kπ

[
E2

NQN(EN)
]

EN=4Eν/κπ

• neutrino and γ-ray emission are related as

1
3

∑
α

EνQνα(Eν)

〈Nπ+〉+ 〈Nπ−〉
' 1

2

[
EγQγ(Eγ)

〈Nπ0〉

]
Eγ=2Eν

• again, a more compact form with Kπ:

1
3

∑
α

E2
νQνα(Eν) ' Kπ

4

[
E2
γQγ(Eγ)

]
Eγ=2Eν

• γ-ray emission is attenuated in sources and, in particular, in the extragalactic
radiation background
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Gamma-Ray Opacity

• production and decay of neutral
pions into gamma rays

8 strong pair production (PP) in CMB:
γ + γCMB → e+ + e−

Ü PeV gamma-ray only observable
locally (. 10kpc)

4 recyling of gamma-rays via inverse
Compton scattering (ICS):
e± + γCMB → e± + γ

• rapid cascade interactions produce
universal GeV-TeV emission

[Berezinsky&Smirnov’75]
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Extra-galactic background light (EBL)
EBL Inferred from AEGIS Galaxy SED-type Fractions 13
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Figure 13. The solid-black line is the extragalactic background light calculated by the fiducial extrapolation of the galaxy SED-type

fractions for z > 1. Empty symbols are direct measurements: 0.3, 0.555, 0.814 µm by Bernstein (2007); 1.43, 1.53, 1.63, 1.73, 1.83, 1.93,
2.03, 2.14, 2.24, 2.34, 2.44, 2.54, 2.88, 2.98, 3.07, 3.17, 3.28, 3.38, 3.48, 3.58, 3.68, 3.78, 3.88, 3.98 µm by Matsumoto et al. (2005) using

IRTS; 1.25, 2.2 µm (slightly shifted for clarity) by Cambrésy et al. (2001); 2.2, 2.5 µm by Gorjian, Wright & Chary (2000); 60, 100 µm

by Finkbeiner, Davis & Schlegel (2000) all these using DIRBE; 65, 90, 140 (slightly shifted for clarity), 160 µm by Matsuura et al. (2010)
using AKARI; 100, 140, 240 µm by Lagache et al. (2000); 140 (slightly shifted for clarity), 240 µm by Schlegel, Finkbeiner & Davis

(1998); 140, 240 µm by Hauser et al. (1998) all these using FIRAS. Filled symbols are galaxy-count data, usually considered lower limits:

0.1530, 0.2310 µm by Xu et al. (2005) using GALEX; 0.1595, 0.2365 µm by Gardner, Brown & Ferguson (2000) using HST and STIS;
0.36, 0.45, 0.67, 0.81, 1.1, 1.6 (slightly shifted for clarity), 2.2 µm (slightly shifted for clarity) by Madau & Pozzetti (2000) using HST

and ground-based telescopes; 1.25, 1.60, 2.12 µm by Keenan et al. (2010) using Subaru; 3.6 µm by Levenson & Wright (2008); 3.6, 4.5,
5.8, 8.0 µm by Fazio et al. (2004) with a reanalysis of the last point by Franceschini et al. 2008 all these using IRAC; 15 µm by Metcalfe

et al. (2003) using ISO; 15 µm by Hopwood et al. (2010) using AKARI; 24 µm by Papovich et al. (2004) and Chary et al. (2004); 24

(slightly shifted for clarity), 70, 160 µm by Béthermin et al. (2010) using MIPS; 71.4 µm by Frayer et al. (2006) using MIPS; 100, 160 µm
by Berta et al. (2010) using Herschel. The coloured-solid lines (Aharonian et al. 2006; Mazin & Raue 2007; Albert et al. 2008) are upper

limits from �-ray astronomy using di↵erent blazars (see Sec. 5 for details). The dot-dashed-blue line, and the dashed-red line are the

predictions from the models by Franceschini et al. (2008) and Gilmore et al. (2010), respectively. Uncertainties in the our EBL estimation
are shown with a shadow area. These EBL uncertainties include the uncertainties in Schechter parameters of the LF by Cirasuolo et

al. (2010), photometric errors in the galaxy catalogue, �2
red cuts applied and extrapolations of the galaxy SED-type fractions for z > 1

(see Sec. 4.1). The envelope of the shadow region within the dashed line at wavelengths above 24 µm shows the region where there is no
photometry in our galaxy catalogue. The EBL uncertainties are thoroughly discussed in Sec. 6.1.

The data from z = 3 � 1.5 are roughly reproduced. Our
results are in agreement within errors with the upper data
envelope from z = 1.5�0.7. We systematically predict a fac-
tor ⇠ 1.3 higher SFR than the observational data between
z = 0.7�0. For the high-starburst assumption a considerably
higher SFR density is estimated. This high-starburst case is

motivated by the increasing star formation rate density to
z ⇠ 2 in Fig. 12, and the increasing specific star formation
rate to z ⇠ 2 (Reddy et al. 2006; Daddi et al. 2007). But
Fig. 12 also indicates that our high-starburst is an extreme
assumption.

We want to call attention to the large uncertainties on

c� 2010 RAS, MNRAS 000, 1–25

[Dominguez et al. ’10]
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Tension with Gamma-Ray Background

• neutrino and γ-ray fluxes from CR
collisions with gas (pp scenario)
follow initial CR spectrum ∝ E−Γ

Ü constrained by Fermi IGRB:
[Murase, MA & Lacki’13; Chang & Wang’14]

Γ . 2.15− 2.2

8 combined IceCube analysis:

Γ ' 2.4− 2.6

• Are the sources responsible for
1-10 TeV neutrinos hidden?

[Murase, Guetta & MA’15]
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[Murase, MA & Lacki’14; Tamborra, Ando & Murase’14]

[Ando, Tamborra & Zandanel’15]

[Bechtol, MA, Ajello, Di Mauro & Vandenbroucke’15]
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Fermi IGRB and pγ Scenarios?

• also strong constraints
from cascade emission of
pγ scenarios

• high pion production
efficiency implies strong
γγ absorption in sources

Ü Are strong neutrino
sources hidden in γ-rays?

[Murase, Guetta & MA’15]
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Fermi IGRB and pγ Scenarios?

• also strong constraints
from cascade emission of
pγ scenarios

• high pion production
efficiency implies strong
γγ absorption in sources

Ü Are strong neutrino
sources hidden in γ-rays?

[Murase, Guetta & MA’15]
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FIG. 2: Neutrino and CR bounds on the optical depth to
γγ → e+e− in the sources of diffuse TeV-PeV neutrinos. We
calculate τγγ and fpγ as functions of εγ and εp, respectively,
imposing fpγ ≥ 0.01. We consider simple power laws with
α = 2.5 and α = 2/3 for εb

ν = 6–25 TeV (shaded bands), and
the gray-body case with the temperature kT/Γ2 = 112 eV.

CR flux E2
crΦcr ≈ 4×10−5 GeV cm−2 s−1 sr−1 at 10 PeV

(e.g., Ref. [49]). Since the observed CR flux in this en-
ergy range is dominated by heavy nuclei from Galactic
sources such as supernova remnants, this constraint is
conservative. The recent KASCADE-Grande data [50]
suggest that a light CR component may become promi-
nent above the second knee energy at 100 PeV, which
can be interpreted as the onset of an extragalactic com-
ponent. Using their inferred extragalactic, light CR flux
E2

pΦp ≈ 2 × 10−6 GeV cm−2 s−1 sr−1 as an upper limit,
we obtain fpγ ! 0.1 at εp ! 10 PeV [102].

A similar conclusion is drawn by examining nonther-
mal luminosity densities of known objects. The CR lu-
minosity density of galaxies including starbursts is re-
stricted as εpQεp " 1045–1046 erg Mpc−3 yr−1 [51,
52]. The luminosity density of x rays (QX ≈ 2 ×
1046 erg Mpc−3 yr−1 [53]), which are thought to orig-
inate from thermal electrons in hot coronae, can be re-
garded as an upper limit of nonthermal outputs from
AGN. Adopting εpQεp " 2 × 1046 erg Mpc−3 yr−1 as a
reasonable assumption for CRs from galaxies or AGN, we
have fpγ ! 0.01, independently of the above argument.

Figure 2 shows comparisons of the effective pγ optical
depth required from the IceCube observation to the cor-
responding optical depth to γγ interactions in the Fermi
range, related by Eq. (8). Strictly speaking, Eqs. (8) and
(9) are valid for soft target spectra. To see the robustness
of our results, following Ref. [39], we perform numerical
calculations using the detailed cross sections of the two-
photon annihilation and photomeson production (includ-
ing nonresonant processes). We consider target photon
spectra leading to εb

ν = 6–25 TeV (indicated as bands in
Fig. 2), which can reproduce minimal pγ scenarios. Note
that adopting lower values of εb

ν or assuming γ-ray trans-

parency for models like those shown in the right panel of
Fig. 1 leads to inconsistency with the Fermi IGRB data.
The conclusion from Eq. (8) holds even for realistic tar-
get radiation fields, including synchrotron and gray-body
spectra.

The high pγ efficiency suggested by the IceCube data
and upper limits on CR luminosity densities suggest that
the direct 1–100 GeV γ-ray emission from the sources–
either leptonic or hadronic–is suppressed. Thus, tensions
with the IGRB, which are unavoidable for γ-ray transpar-
ent sources, are largely alleviated or even absent. How-
ever, TeV γ-ray counterparts could be seen by Cherenkov
telescopes and the High-Altitude Water Cherenkov Ob-
servatory. For power-law target photon spectra, which
extend to low energies, τγγ is larger than unity beyond
the Fermi band and as a result the TeV emission from
the sources should also be suppressed (see Fig. 2). For
gray-body-like spectra, one could expect point-source γ-
ray emission above TeV. The escaping hadronic γ rays
are cascaded in the CMB and EBL and could be visi-
ble as extended pair-halo emission in the sub-TeV range
(e.g., Refs. [25, 26]). In this special case, although direct
point-source emission at 1–100 GeV is still suppressed
and the tension with the IGRB remains, TeV counter-
part searches can be used as an additional test.

Summary and implications.— We considered im-
plications of the latest IceCube results in light of the
multimessenger data. Based on the diffuse ν-γ flux con-
nection and CR-γ optical depth connection, we showed
that the two-photon annihilation optical depth should be
large as a direct consequence of astrophysical scenarios
that explain the large flux observed in IceCube.

There are various implications. Cross correlation of
neutrinos with Fermi-LAT sources is predicted to be
weak. Rather, in pγ scenarios, since target photons are
expected in the x-ray or MeV γ-ray range, searches for
such counterparts are encouraged. Candidate sources of
hidden CR accelerators include choked GRB jets [21] and
supermassive black hole cores [23, 24, 54] (see also the
Supplementary Material [103], which includes Refs. [55–
89]), so correlations with energetic supernovae including
low-power GRBs, flares from supermassive black holes,
radio-quiet or low-luminosity AGN, and a subclass of
flat spectrum radio quasars can be used to test the mod-
els. For broadband nonthermal target photon spectra, γ
rays are suppressed at TeV-PeV as well as 1–100 GeV
energies. However, if the target photons follow a nar-
row thermal spectrum or are monochromatic in x rays,
hadronic γ rays might be seen in the TeV range for nearby
neutrino sources. Although the obvious multimessenger
relation between neutrinos and γ rays no longer exists,
our findings suggest that cosmic neutrinos play a special
role in the study of dense source environments that are
not probed by γ rays. Larger detectors such as IceCube-
Gen2 [90] sensitive to 10–100 TeV neutrinos would be
important for the identification of the sources via auto-
correlation of neutrino events [91, 92].
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Ultra-High Energy Cosmic Rays

• particle confinement during
acceleration requires: [Hillas’84]

E . 1018 EeV (B/1µG) (R/1kpc)

8 low statistics:
large uncertainties in chemical
composition and spectrum!

8 “‘GZK” horizon (. 200 Mpc):
resonant interactions of CR nuclei with
CMB photons

[Greisen’66;Zatsepin & Kuzmin’66]

4 “guaranteed flux” of secondary γ-ray
and neutrino emission
[Berezinsky&Zatsepin’70;Berezinsky&Smirnov’75]

UHE cosmic ray

e±
⌫

�

interaction with
cosmic radiation

p
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Cosmogenic (“GZK”) Neutrinos

• Greisen-Zatsepin-Kuzmin (GZK)
interactions of ultra-high energy CRs
with cosmic microwave background
(CMB) [Greisen’66;Zatsepin/Kuzmin’66]

• “GZK”-neutrinos at EeV energies from
pion decay [Berezinsky/Zatsepin’69]

• three neutrinos (νµ/ν̄µ/νe) from π+:

Eνπ '
1
4
〈x〉Ep ' 1

20
Ep

• one neutrino from neutron decay:

Eν̄e '
mn − mp

mn
Ep ' 10−3Ep
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FIG. 4. Fluxes of electron neutrinos (dashed lines) and an-
tineutrinos (dotted lines) generated in propagation of protons
are shown in the upper panel. The lower panel shows the
fluxes of muon neutrinos and antineutrinos. Solid lines show
the sum of neutrinos and antineutrinos. The shaded band
shows the Waxman & Bahcall [25,26] limit for neutrino pro-
duction in cosmic ray sources with the same injection power.
The lower edge of the band is calculated without account for
the cosmological evolution and the upper one with the evolu-
tion of Eq. (9).

Fig. 5 is designed to show how the neutrino flux is
built up from contributions at different redshifts. It is
evident that the high and low ends of the neutrino spec-
trum are sensitive to different epochs of the source evo-
lution. First consider the protons that will contribute
to neutrinos with energy 1019 eV. At z = 0 these pro-
tons have an energy of a few times 1020 eV, above the
threshold for photoproduction. This energy will increase
with the source redshift. As a result, the source contribu-
tion EpdN/dEp for these neutrinos effectively decreases
as (1 + z)−1. To this we must add additional factors
of η(z)H(z) ∼ (1 + z)0.5 for the source evolution in a
ΩM = 1 cosmology, and a factor of (1+ z) explicit in the
(1 + z)d/d(1 + z) plot. Together, the function plotted
naively scales as (1 + z)0.5. This scaling stops at z = 1.9
where H(z) is assumed to flatten. For higher energy neu-
trinos Eν = 1020 eV, the increasing proton energy runs
into the exponential cutoff Ec of our model injection spec-

trum causing a further decrease with 1+ z. The result of
these considerations is that the highest energy neutrinos
are produced primarily by relatively young sources, and
are sensitive to assumptions about the recent universe.

For low energy neutrinos, say 1016 eV the story is a
bit more complicated. From kinematic arguments the
prime production candidate for such neutrinos would be
a proton of energy a few times 1017 eV, but such protons
are below the photoproduction threshold. Protons with
higher energy can, of course, produce low energy neutri-
nos, but due to the small phase space the production is
suppressed by a factor of Eν/Ep. Now, as the source red-
shift increases, Eν at production also increases as 1 + z.
At the same time, the minimum value for Ep at produc-
tion decreases due to the increasing cosmic microwave
background temperature. Thus, phase space considera-
tions of the neutrino production process yield a net factor
of (1+z)2. With the lowering of Ep, the source spectrum
factor yields an increase of 1+z. Including η(z)H(z) and
the explicit 1+z for the plot gives an overall dependence
of (1+ z)4.5 at low energies. This behavior continues un-
til
a) the source evolution model changes its z dependence,
or
b) the photoproduction threshold at z has dropped so
that there is no phase space suppression for that neu-
trino energy. At that point there is a transition to the
high energy behavior outlined above. The net result of
these considerations is that the low energy part of the
spectrum is dominated by high redshift sources, and is
sensitive to assumptions of a cosmological nature in our
calculation.
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FIG. 5. The curves, labeled by log10(Eν), show the contri-
bution of different source distances to the neutrino flux as a
function of redshift for our nominal n = 3 source evolution
model given in Eq. (9).

Finally, we comment on the energy where the neutrino
flux peaks in Fig. 4. Given the turn on of photoproduc-
tion (Fig. 1) and the kinematics of the ∆ resonance,
one might expect the peak to occur at around 1019 eV.

5

[Engel, Stanev & Seckel’01]
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Non-Anthropogenic Neutrino Fluxes
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Cosmogenic (“GZK”) Neutrinos

• Observation of UHE CRs and extragalactic radiation backgrounds “guarantee” a
flux of high-energy neutrinos, in particular via resonant production in CMB.

[Berezinsky & Zatsepin’69]

• “Guaranteed”, but with many model uncertainties and constraints:

• (low cross-over) proton models + CMB (+ EBL)
[Berezinsky & Zatsepin’69; Yoshida & Teshima’93; Protheroe & Johnson’96; Engel, Seckel &

Stanev’01; Fodor, Katz, Ringwald &Tu’03; Barger, Huber & Marfatia’06; Yuksel & Kistler’07; Takami,

Murase, Nagataki & Sato’09, MA, Anchordoqui & Sarkar’09, Heinz, Boncioli, Bustamante & Winter’15]

• + mixed compositions
[Hooper, Taylor & Sarkar’05; Ave, Busca, Olinto, Watson & Yamamoto’05; Allard, Ave, Busca, Malkan,

Olinto, Parizot, Stecker & Yamamoto’06; Anchordoqui, Goldberg, Hooper, Sarkar & Taylor’07; Kotera,

Allard & Olinto’10; Decerprit & Allard’11; MA & Halzen’12]

• + extragalactic γ-ray background limits
[Berezinsky & Smirnov’75; Mannheim, Protheroe & Rachen’01; Keshet, Waxman, & Loeb’03;

Berezinsky, Gazizov, Kachelriess & Ostapchenko’10; MA, Anchordoqui, Gonzalez–Garcia, Halzen &

Sarkar’10; MA & Salvado’11; Gelmini, Kalashev & Semikoz’12]
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Cosmogenic (“GZK”) Neutrinos
6 G. Decerprit, D. Allard: Constraints on the origin of UHE Cosmic Rays using cosmogenic neutrinos and photons

Fig. 4. Cosmic ray (markers), neutrino (dashed lines) and pho-
ton (solid lines) spectra (E2 ⇥ dN/dE) for the dip model com-
pared to Auger spectrum (Abraham et al., 2010; open circles)
and the Fermi di↵use gamma-ray spectrum (Abdo et al., 2010;
black squares). The contribution of the pion mechanism to the
photon spectrum is shown (dashed lines). The chosen spectral
indices are � = 2.6 for the uniform case (no evolution), 2.5 for
SFR and 2.3 for FR-II. The results were computed assuming
the IR/Opt/UV background estimate from Stecker et al., 2006
(Top) and Kneiske et al., 2004 (Bottom). In the top panel the
Auger 90% C.L integrated upper limit (2 years) for tau neutri-
nos assuming a pure E�2 neutrino spectrum is also shown for
comparison (Abraham et al., 2011; the line represents the cen-
tral value and was multiplied by 3 assuming a complete mixing
of the neutrino flavors). The equivalent IceCube limit (IC-40,
red thick-dashed line) is also shown (Abbasi et al., 2011).

range from the estimate of Kneiske et al. (2004) leads to neu-
trino fluxes a factor of ⇠ 2 lower at 1016 eV and dropping much
faster below this energy. For both of the background models the
expected low-energy photon fluxes significantly overshoot the
di↵use photon flux measured by Fermi in the scenario of a FR-
II evolution of sources. Constraints seem to be more stringent
using the photon background by Kneiske et al. (2004), favored
by the Fermi observations (Abdo et al., 2010) and in this case
the photon flux in the SFR evolution case appears to be very
close to the Fermi bounds. Here, we confirm previous results by
Berezinsky et al. (2010) and Ahlers et al. (2010), claiming that
in the framework of the dip model, the Fermi measurements of
the di↵use gamma-ray flux actually involve strong limitations
on the expected cosmogenic neutrino fluxes. By themselves, in-
deed, ruling out basically all models that yields neutrino fluxes
higher than the SFR model, they imply neutrino fluxes almost
an order of magnitude lower than the upper limit of the Pierre
Auger Observatory (see Abraham et al., 2009; Ti↵enberg et
al., 2009; Abreu et al., 2001 and Fig. 4) and even lower than
the current limits from the IceCube collaboration (Abbasi et
al., 2011). Constraints obtained from the Fermi measurements
can be somewhat dulled by invoking a low-energy cut mecha-
nism1 that would leave the UHE neutrino flux unchanged while
decreasing the pair production contribution (see below) to the
di↵use gamma-ray flux. However, this would be at the expense
of the cosmogenic neutrino flux between 1-100 PeV (see Allard
et al., 2006).

4.2. Mixed composition transition models

We now consider the mixed composition model from Allard et
al. (2005). There, the composition at the extragalactic sources
is assumed to be similar to that of low-energy galactic cosmic
rays. In this case, a pair production dip is no longer possible
because of the significant contribution of nuclei to the source
composition, and one can fit the cosmic ray spectrum down
to the ankle (which is in this case the signature of the end of
the transition from galactic to extragalactic cosmic rays) with
harder spectral indices than for the dip model. Results are dis-
played in the top panel of Fig. 5. One can see that in this case,
as previously shown in Allard et al. (2006) and Kotera et al.
(2010), the high-energy neutrino and UHE photon fluxes are
very similar to the one obtained for the dip model. At PeV en-
ergies, the neutrino fluxes are, however, much lower because of
the harder spectral index required to fit the experimental data
which leads to lower injected luminosities at low-energy.

The constraints implied by the Fermi di↵use flux appear
to be much less stringent for the mixed composition model
than for the dip model. Only the FR-II source evolution model
seems to be constrained by slightly overshooting the Fermi
flux, while the low-energy photons produced in the SFR case
are safely below the bounds. For the mixed composition model,
the bounds given by Fermi are only constraining the most opti-

1 A change of the spectral index below ⇠ 1018 eV to a harder value
owing to a change of the acceleration regime at the source that allows
one to limit the luminosity injected at low-energy, see Berezinsky et
al. (2006)
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and the Fermi di↵use gamma-ray spectrum (Abdo et al., 2010;
black squares). The contribution of the pion mechanism to the
photon spectrum is shown (dashed lines). The chosen spectral
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SFR and 2.3 for FR-II. The results were computed assuming
the IR/Opt/UV background estimate from Stecker et al., 2006
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Auger 90% C.L integrated upper limit (2 years) for tau neutri-
nos assuming a pure E�2 neutrino spectrum is also shown for
comparison (Abraham et al., 2011; the line represents the cen-
tral value and was multiplied by 3 assuming a complete mixing
of the neutrino flavors). The equivalent IceCube limit (IC-40,
red thick-dashed line) is also shown (Abbasi et al., 2011).

range from the estimate of Kneiske et al. (2004) leads to neu-
trino fluxes a factor of ⇠ 2 lower at 1016 eV and dropping much
faster below this energy. For both of the background models the
expected low-energy photon fluxes significantly overshoot the
di↵use photon flux measured by Fermi in the scenario of a FR-
II evolution of sources. Constraints seem to be more stringent
using the photon background by Kneiske et al. (2004), favored
by the Fermi observations (Abdo et al., 2010) and in this case
the photon flux in the SFR evolution case appears to be very
close to the Fermi bounds. Here, we confirm previous results by
Berezinsky et al. (2010) and Ahlers et al. (2010), claiming that
in the framework of the dip model, the Fermi measurements of
the di↵use gamma-ray flux actually involve strong limitations
on the expected cosmogenic neutrino fluxes. By themselves, in-
deed, ruling out basically all models that yields neutrino fluxes
higher than the SFR model, they imply neutrino fluxes almost
an order of magnitude lower than the upper limit of the Pierre
Auger Observatory (see Abraham et al., 2009; Ti↵enberg et
al., 2009; Abreu et al., 2001 and Fig. 4) and even lower than
the current limits from the IceCube collaboration (Abbasi et
al., 2011). Constraints obtained from the Fermi measurements
can be somewhat dulled by invoking a low-energy cut mecha-
nism1 that would leave the UHE neutrino flux unchanged while
decreasing the pair production contribution (see below) to the
di↵use gamma-ray flux. However, this would be at the expense
of the cosmogenic neutrino flux between 1-100 PeV (see Allard
et al., 2006).

4.2. Mixed composition transition models

We now consider the mixed composition model from Allard et
al. (2005). There, the composition at the extragalactic sources
is assumed to be similar to that of low-energy galactic cosmic
rays. In this case, a pair production dip is no longer possible
because of the significant contribution of nuclei to the source
composition, and one can fit the cosmic ray spectrum down
to the ankle (which is in this case the signature of the end of
the transition from galactic to extragalactic cosmic rays) with
harder spectral indices than for the dip model. Results are dis-
played in the top panel of Fig. 5. One can see that in this case,
as previously shown in Allard et al. (2006) and Kotera et al.
(2010), the high-energy neutrino and UHE photon fluxes are
very similar to the one obtained for the dip model. At PeV en-
ergies, the neutrino fluxes are, however, much lower because of
the harder spectral index required to fit the experimental data
which leads to lower injected luminosities at low-energy.

The constraints implied by the Fermi di↵use flux appear
to be much less stringent for the mixed composition model
than for the dip model. Only the FR-II source evolution model
seems to be constrained by slightly overshooting the Fermi
flux, while the low-energy photons produced in the SFR case
are safely below the bounds. For the mixed composition model,
the bounds given by Fermi are only constraining the most opti-

1 A change of the spectral index below ⇠ 1018 eV to a harder value
owing to a change of the acceleration regime at the source that allows
one to limit the luminosity injected at low-energy, see Berezinsky et
al. (2006)

IC excess (x3) IC excess (x3)

[Decerpit & Allard ’11]

Ü neutrino flux depend on source evolution model (strongest for “FR-II”) and EBL
model (highest for “Stecker” model)

8 “Stecker” model disfavored by Fermi observations of GRBs

8 strong evolution disfavored by Fermi diffuse background
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GZK Neutrinos from Heavy Nuclei 4
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FIG. 1: Left panel: Two models of extra-galactic CRs assuming a homogenous distribution of protons (red line) and iron
(blue line) between zmin = 0.001 (4 Mpc) and zmax = 2. For the proton sources we use an injection spectrum with γ = 2.3,
Emin = 1018 eV, Emax = 1020.5 eV and assume strong source evolution with n = 5. The extra-galactic iron sources assume an
injection spectrum with γ = 2.3, Emin = 1018 eV, Emax = 26×1020.5 eV no evolution n = 0. Right panel: The corresponding
spectra of cosmogenic γ-rays (dashed lines) and neutrinos (dotted line) for the two models. The diffuse γ-ray spectrum of the
proton model is marginally consistent with the diffuse extra-galactic spectrum inferred by Fermi-LAT [51] and the diffuse upper
limit on cosmogenic neutrinos from the 40-string configuration (IC40) of IceCube [55]. The cosmogenic γ-ray and neutrino
spectra of the iron model are two orders of magnitude below the proton model predictions.

source fluxes associated with these CR sources. We will assume that the emission rate of CR sources is fixed and that
their number density evolves with redshift.

In the following we are going to consider two models of extra-galactic CR sources, that have been considered
previously in fitting the UHE CR data [12, 31]. The first model consists of CR proton sources with a strong evolution
(n = 5) with a relatively low crossover below the ankle. For the injection spectrum we use the power index γ = 2.3
and assume exponential cutoffs at Emin = 1018 eV and Emax = 1020.5 eV (see Eq. (4)). The spectrum of protons after
propagation through the CRB is shown as a red line in the left panel of Fig. 1. The second model assumes a pure
injection of iron with the same spectral index γ = 2.3 but no evolution of the sources (n = 0). We assume the same
exponential cutoff at low energies as in the case of the proton model, Emin = 1018 eV, and a high energy cutoff at
Emax = 26 × 1020.5 eV, motivated by the rigidity dependence of the maximal energy of CR accelerators, Emax ∝ Z.
The total spectrum of primary iron and secondary nuclei produced via photo-disintegration is shown as the blue line
in the left panel of Fig. 1.

Both models reproduce the UHE CR data above the ankle reasonably well. The deficit below the ankle is assumed
to be supplemented by a galactic contribution. Note that the crossover with the galactic component is higher for
the all-iron model than for the all-proton model. The fit of the model spectra to the CR data sets the absolute
normalization of the CR emission rate. This can be expressed as the required bolometric power density per CR
source, which depends on the local density of source, H0. For both models we find a value of

L ≡
∫

dE E Q(E) $ 1042

( H0

10−5 Mpc−3

)−1

erg s−1 . (6)

III. ELECTROMAGNETIC CASCADES FROM HEAVY NUCLEI

The production and interaction of cosmogenic electrons, positrons and γ-rays are governed by a set of Boltzmann
equations analogous to Eqs. (3). Electromagnetic interactions of photons and leptons with the CRB can happen on
time-scales much shorter than their production rates [32]. The driving processes of the electromagnetic cascade in
the cosmic background photons are inverse Compton scattering (ICS) with CMB photons, e± + γbgr → e± + γ, and
pair production (PP) with CMB and CIB radiation, γ + γbgr → e+ + e− [22, 33]. In particular, the spectral energy
distribution of multi-TeV γ-rays depends on the CIB background at low redshift. For our calculation we use the
estimate of Franceschini et al. [25]. We have little direct knowledge of the cosmic radio background. A theoretical
estimate has been made [34] of the intensity down to kHz frequencies, based on the observed luminosity function and

• UHE CR emission toy-model:

• 100% proton: n = 5 & zmax = 2 & γ = 2.3 & Emax = 1020.5 eV

• 100% iron: n = 0 & zmax = 2 & γ = 2.3 & Emax = 26× 1020.5 eV

• Diffuse spectra of cosmogenic γ-rays (dashed lines) and neutrinos (dotted lines)
vastly different. [MA&Salvado’11]
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Guaranteed Cosmogenic Neutrinos

Ü minimal GZK flux from proton
dominated models can be
estimated from observed
spectrum

• dependence on cosmic
evolution of sources:

• no evolution (dotted)

• star-formation rate (solid)

Ü ultimate test of UHE CR
proton models feasible with
future observatories like ARA. 10−12

10−11

10−10

10−9

10−8

10−7

106 107 108 109 1010 1011

E
2
J
[G

eV
cm

−
2
s−

1
sr

−
1
]

E [GeV]

IC-86 (10yr)

ARA-37 (3yr)

“bestfit”

HSFR

H0

HiRes

TA

Auger

[MA & Halzen’12]
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Neutrinos from the Sources of UHE CRs

• UHE CR proton emission rate density:

E2
pQp(Ep) ' (1− 2)× 1044 erg Mpc−3 yr−1

• two models for cosmic evolution

• no evolution:

ρ0(z) = ρ(0)Θ(2− z)

• evolution following the star-formation
rate (SFR):

ρSFR(z) =


(1 + z)3.4 z < 1 ,
N1 (1 + z)−0.3 1 < z < 4 ,
N1 N4 (1 + z)−3.5 z > 4

[Hopkins&Beacom’98]

1043

1044
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E

2
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r−
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]

E [GeV]
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H0

[MA&Halzen’12]
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Calorimetric Limit

• corresponding per flavour neutrino flux (ξz ' 0.5− 2.4 and Kπ ' 1− 2):

E2
νφν(Eν) ' fπ

ξzKπ
1 + Kπ

(2− 4)× 10−8 GeV cm−2 s−1 sr

• Waxman-Bahcall bound: fπ ≤ 1 [Waxman & Bahcall’98]

• fπ ' 1 requires efficient pion production

8 how to reach Emax ' 1020 eV in
environments of high energy loss?

Ü two-zone models:
accelerator + calorimeter?

• starburst galaxies [Loeb & Waxman’06]
• galaxy clusters

[Berezinsky, Blasi & Ptuskin’96]

[Beacom & Murase’13]

Messier 82 (M82)
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Calorimetric Limit
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Probe: Cross-Correlation with UHE CRs
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• θrms ' 1◦ (D/λcoh)
1/2

(E/55EeV)
−1

(λcoh/1Mpc) (B/1nG) [Waxman & Miralda-Escude’96]
• “hot spots” (dashed), but no significant auto-correlation in Auger and Telescope Array data
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Identification of Extragalactic Point-Sources?

GZK volume

Hubble horizon

• Do astrophysical neutrinos correlate
with sources of UHE CRs?

• UHE CRs trace sources within

λGZK ' 200 Mpc

• neutrinos visible up to Hubble horizon

λHubble ' 4.4 Gpc

Ü maximal overlap:

λGZK/λHubble ∼ 5%

• HESE 4yr : ca. 30 signal events

8 only 1− 2 neutrinos expected to
correlate

8 magnetic deflections, angular
resolution, incompleteness,. . .
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Exotics at Neutrino Telescopes

• Exotic Cherenkov signals:

• Monopoles (+ Q-Balls & Nuclearities)
• long-lived CHAMPs, e.g. NLSPs, NLKPs

• Exotic flavor compositions:

• quantum decoherence, violation of Lorentz invariance,. . .

• Exotic neutrino interactions:

• cross section, inelasticities, multiplicities, neutrino decay. . .

• Exotic neutrino sources:

Ü WIMP annihilation and decay
• alternative DM candidates
• non-standard DM messengers

• Exotic “noise” ?:

• supernova detetection, photon oscillations,. . .

• . . .
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Dark Matter and the Sun

[Super-Kamiokande]
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Dark Matter and the Sun
• Number of dark matter particles N in Sun determined by annihilation (A) and

capture (C):
Ṅ = C� − A�N2

• spin-dependent interactions:

C�SD ' 3.35× 1020 ρ0.3

v̄3
270

(
σH,SD

10−6 pb

)(
100 GeV

mDM

)2

s−1

• spin-independent interactions:

C�SI ' 3.35× 1020 ρ0.3

v̄3
270

(
σH,SI + 0.07σHe,SI

10−6 pb

)(
100 GeV

mDM

)2

s−1

• annihilation:
A� =

〈σv〉
Veff

• equilibrium (Ṅ = 0) decay rate:

Γ =
1
2

A�N2 =
1
2

C�
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Solar Limits
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[IceCube’16]

90% CL upper limit on the spin-dependent WIMP-nucleon cross section

for hard to soft (τ+τ−, W+W−, bb̄) annihilation channels
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Comparison of DM Annihilation Limits
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90% CL upper limit on the DM annihilation cross section for τ+τ− emission
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PeV Dark Matter Decay???
• Is heavy (>PeV) DM decay responsible for IceCube’s observation? [Feldstein et al.’13]

• Initially motivated by PeV “line-feature”, but continuum spectrum with/without line
spectrum also possible.

Ü Could be probed by PeV γ-rays from the Milky Way halo=. [MA & Murase’13]

5

Eq. (9) as well as to scramble in terms of the DM pro-
file when we calculate the TS distribution. We show the
results in Fig. 5 for di↵erent values of ↵̄, which clearly
show that the pure galactic DM explanation for the data
is not preferred for a wide range of ↵̄. For the 21 cas-
cade events and for a flatter DM profile with a larger ↵̄,
there is still a non-negligible Type-I error for rejecting
the pure galactic DM explanation. We have also checked
and found that the IceCube data can not exclude the
pure galactic DM explanation with an isothermal DM
profile, ⇢DM(r) = ⇢0/(1 + r2/r2

c ), with a core radius of
rc = 1 kpc [28].
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FIG. 5: The p-values as a function of ↵̄ of the Einasto DM
profiles. A suggestive p-value of 0.05 to exclude a certain DM
model is shown in the horizontal and black line. Here, we have
S=homogeneous and B=DM, to have the DM distribution as
the null hypothesis.

Neutrino spectra from dark matter decays The
energy spectrum of the IceCube neutrino excess has in-
teresting features [5]. First, there are two isolated events
at around 1 PeV [8] with one at 1.04 ± 0.16 PeV and the
other one at 1.14 ± 0.17 PeV. Secondly, there is an po-
tential energy cuto↵ at 1.6+1.5

�0.4 PeV. Thirdly, there is an
energy gap or no neutrino events observed in the energy
range of ⇠ (0.3, 1) PeV, which is not significant at this
moment. Although a wide range of the energy spectrum
can be fit by an E�2 feature [5], it is still interesting
to explore potential DM produced spectra from particle
physics.

To fit the observed spectrum at IceCube, one also
needs to consider di↵erent detector acceptances at dif-
ferent energies. For di↵erent flavors of neutrinos, the
acceptance areas vary a lot with the largest one for the
electron neutrino. In our analysis below, we don’t distin-
guish di↵erent flavors of neutrinos and use the averaged
acceptance areas in terms of flavors and declination an-
gles [5], which are only slightly di↵erent from Ref. [17].
Because the uncertainties on the acceptance areas and
the large statistical errors, the current IceCube data is

not su�cient to distinguish spectra among di↵erent par-
ticle physics models. So, we consider several represen-
tative decaying DM models and study their fit to the
observed energy spectrum. We consider candidate mod-
els according to the operator dimensions of DM coupling
to SM particles.
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FIG. 6: The fitted spectra for several DM decay channels.
The black and solid line is the atmospheric backgrounds [6, 7].
For the two fermion DM cases, the DM mass is 2.2 PeV and
both lifetimes are ⌧� = 3.5 ⇥ 1029 s. For the two scalar DM
cases, the DM mass is 5 PeV and the lifetimes are 9.2⇥1028 s
and 4.6 ⇥ 1029 s, for 2h and ⌧� + ⌧+ channels, respectively.

At the renormalizable level and for a fermion DM �,
we consider the operator �H̃L̄L � for DM coupling to
the Higgs field in the SM or �HLL̄L� in the lepton-
specific two-Higgs doublet models, which has DM decays
as � ! h + ⌫ and � ! ⌫ + HL ! ⌫ + ⌧+ + ⌧�, re-
spectively. Fixing the fermion DM mass to 2.2 PeV, we
show the fitted spectra in Fig. 6 after using PYTHIA [29]
for SM particles decay and hadronization. We sum the
experimental error and systematical background error
in quadrature to calculate the total chi-square for the
goodness of fit. For the two fermion DM decay spec-
tra, a dip feature exists because of the combination of
mono-energetic and continuous neutrinos. For a scalar
DM, one can have the renormalizable coupling to the SM
Higgs boson as simple as µ XHH†, which simply medi-
ates the decay of X ! 2h. Beyond the renormalizable
level, one could have DM mainly couple to two leptons
via ✏m⌧X⌧+⌧�/⇤, so the decay channel is X ! ⌧+⌧�.
Fixing the scalar DM mass to be 5 PeV, we also show
the fitted spectra in Fig. 6 (see [14, 30] for other spectra
from DM decays).

Conclusions and discussion Our geometrical
analysis has already shown that a combination of the
galactic DM contribution and a homogenous spectrum,
which could be due to additional extragalactic sources,
provides the best fit to the data. A purely galactic DM
origin for the 28 events is not preferred unless a flatter

[Bai, Lu & Salvado’13]
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Summary

• Neutrinos are ideal cosmic messengers. . .

4 no deflection in magnetic fields
4 negligible absorption during propagation
4 “cleaner” astrophysical backgrounds

• . . . but hard to catch.

8 small neutrino cross section requires large detector
8 sophisticated background shielding/rejection

• Predicted astrophysical neutrino background range from meV (CνB) to EeV
(cosmogenic neutrinos).

• Some neutrino fluxes have well-known origin (solar neutrinos, atmospheric
neutrino, core-collapse supernovae) and can be used as probes of fundamental
neutrino properties.

• Very-high energy neutrino emission is presently poorly understood and needs
to be identified.

Ü Multi-messenger astronomy can provide guidance.
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Cosmic Neutrino Mass Bounds

[Wong’11]
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Cosmic Neutrino Mass Bounds

[Wong’11]
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Cherenkov Radiation

• neutrino interaction creates
high-energetic charged particle

• charged particles have velocity faster
than the speed of light (in water or ice)

• Cherenkov light is emitted along the
particle tracks

[Advanced Test Reactor (Idaho)]
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“Nu-Fit” results

NuFIT 3.0 (2016)

Normal Ordering (best fit) Inverted Ordering (∆χ2 = 0.83) Any Ordering

bfp ±1σ 3σ range bfp ±1σ 3σ range 3σ range

sin2 θ12 0.306+0.012
−0.012 0.271→ 0.345 0.306+0.012

−0.012 0.271→ 0.345 0.271→ 0.345

θ12/
◦ 33.56+0.77

−0.75 31.38→ 35.99 33.56+0.77
−0.75 31.38→ 35.99 31.38→ 35.99

sin2 θ23 0.441+0.027
−0.021 0.385→ 0.635 0.587+0.020

−0.024 0.393→ 0.640 0.385→ 0.638

θ23/
◦ 41.6+1.5

−1.2 38.4→ 52.8 50.0+1.1
−1.4 38.8→ 53.1 38.4→ 53.0

sin2 θ13 0.02166+0.00075
−0.00075 0.01934→ 0.02392 0.02179+0.00076

−0.00076 0.01953→ 0.02408 0.01934→ 0.02397

θ13/
◦ 8.46+0.15

−0.15 7.99→ 8.90 8.49+0.15
−0.15 8.03→ 8.93 7.99→ 8.91

δCP/
◦ 261+51

−59 0→ 360 277+40
−46 145→ 391 0→ 360

∆m2
21

10−5 eV2 7.50+0.19
−0.17 7.03→ 8.09 7.50+0.19

−0.17 7.03→ 8.09 7.03→ 8.09

∆m2
3`

10−3 eV2 +2.524+0.039
−0.040 +2.407→ +2.643 −2.514+0.038

−0.041 −2.635→ −2.399

[
+2.407→ +2.643
−2.629→ −2.405

]

[Esteban, Gonzalez-Garcia, Maltoni, Martinez-Soler & Schwetz’16; www.nu-fit.org]
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