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Cosmic Rays
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• Cosmic rays (CRs) are 
energetic nuclei and (at a 
lower level) leptons. 

• Spectrum follows a power-
law over many orders of 
magnitude, indicating a 
non-thermal origin. 

• Direct observation with 
satellite and balloon-borne 
experiments up to TeV  

• Indirect observation as air 
showers above 10 TeV 1 103 106 109 1012
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What is the Origin of Cosmic Rays?
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Cosmic Ray Transport



Markus Ahlers (NBI) UNDARK 2026

Highlights from 2019
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Cosmic Ray Gyration

Pitch angle  between  and  remains constant in time. 

Path is a superposition of circular motion in the plane 
perpendicular to  and linear motion along  with velocity: 

.

α v(t) B0

B0 B0

v∥ = cos αv ≡ μv

=
v⊥

ΩB
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Highlights from 2019
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Magnetic Turbulence
• Consider cosmic magnetic fields with a coherent background field  

and a homogenous and isotropic turbulent component : 

• Turbulence can be characterized by its two-point correlation function: 

• To characterize the turbulence we look into the Fourier modes: 

•

B0ez
δB(r)

B(r) = B0ez⏟
ordered

+ δB(r)
⏟
turbulent

⟨δBi(r)δBj(r′￼)⟩ = Cij(r − r′￼)

δBi(r) = ∫ d3k δB̃i(k)eikr
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Highlights from 2019
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Magnetic Turbulence
• The two-point correlation function can now be expressed in Fourier 

space: 

• The power spectrum  is normalized to the energy density of the 
turbulence: 

• For instance, in Kolmogorov turbulence:

𝒫(k)

⟨δB̃i(k)δB̃*i (k′￼)⟩ = δ(k − k′￼)(δij −
kikj

k2 ) 𝒫(k)
4πk2

UδB =
1

8π
⟨δB2⟩ = ∫ dk𝒫(k)

𝒫(k) ∝ k−5/3 (kmin < k < kmax)
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Magnetic Turbulence
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Highlights from 2019
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Resonant Scattering

=
v⊥

ΩB

k δB

Consider now a magnetic perturbation in form of a plane wave: 

δB = δBex cos(kz + α)

↑ ↑ ↑ ↑ ↑ ↑ ↑↓ ↓ ↓ ↓ ↓ ↓



Markus Ahlers (NBI) UNDARK 2026

Highlights from 2019

10

Resonant Scattering

=
v⊥

ΩB

k δB↑ ↑ ↑ ↑ ↑ ↑ ↑↓ ↓ ↓ ↓ ↓ ↓

The time-averaged Lorentz force  along the path 
has the strongest contribution at the resonance:  

δFL = qβ × δB

kv∥ = ± ΩB
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Resonant Scattering
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Diffusion Approximation
• Treating the effect of magnetic turbulence as a collision term with rate 

 that isotropizes the PSD, we arrive at the diffusion equation: 

• For background field the diffusion tensor can be approximated: 

• For instance, parallel diffusion in Kolmogorov turbulence: 

ν∥

B0ez

∂tn − ∂i (Kij∂jn) = 0

K ≃
β2

3

ν−1
⊥ ν−1

A 0
−ν−1

A ν−1
⊥ 0

0 0 ν−1
∥

ν⊥ ≃ ν∥ + Ω2
B/ν∥

νA ≃ ΩB + ν2
∥ /ΩB

ν∥ ∼ ΩB [ k𝒫(k)
UB0

]
kres ≃ Ω/β

∼ Ω2− 5
3

B ∼ R− 1
3

L



Markus Ahlers (NBI) UNDARK 2026

Highlights from 2019

13

Example: Transient Point-Source

• Consider now a CR source term: 

• Green's function for : 

• General solution: 

• Impulsive source, , in isotropic diffusion: 

q(t, r, p) = δ(r − rs)δ(t − ts)

q = Q⋆(p)δ(t − ts)δ(r − rs)

∂tn − ∂i(Kij∂jn) = q(t, r, p)

G(t, r; ts, rs) = (4πΔt)−3/2(det Ks)−1/2exp (−
ΔrTK−1

s Δr
4Δt )

n(t, r, p) = ∫ d3rs ∫ dtsG(t, r; ts, rs)Q(ts, rs, p)

n(t, r, p) =
Q⋆(p)

(4πΔtKiso)3/2
exp (−

Δr2

4ΔtKiso ) ⟨Δr2⟩ = 6KisoΔt
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Cosmic Ray Transport
∂ni

∂t
=

∂
∂ra [Kab

∂
∂rb

ni] (spatial diffusion)

+
∂

∂p [p2K̃
∂

∂p ( ni

p2 )] (momentum diffusion)

−
∂

∂ra
(uani) (convection)

−
∂

∂p [ ·pni −
p
3 ( ∂ua

∂ra )ni] (continuous energy loss)

−Γdec
i ni (CR decay)

−cρbgrσini (loss from CR collisions)

+cρbgr ∑
j

∫ dEj
dσj→i

dEi
nj (gain from CR collisions)

+Qi (source term)



Galactic Cosmic Rays
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Galactic Cosmic Rays
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• Standard paradigm: 
Galactic CRs accelerated 
in supernova remnants 

• diffusive shock 
acceleration: 

• rigidity-dependent escape 
from Galaxy: 

★ Cosmic-ray arrival 
directions are randomized.

[Baade & Zwicky'34] 
[Ginzburg & Sirovatskii'64]

nCR ∝ E−Γ

nCR ∝ E−Γ−δ

illustration of Milky Way 
[Credit: NASA]

CR
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Leaky Box Model
1.2 Historical remarks

disc h = 300pc

✈
Sun

8 kpc

gas/CR halo

globular clusters

Figure 1.2: Schematic picture of the Milky Way with a gas and dust disc, an extended halo
of gas and cosmic rays, surrounded by globular clusters. Everything is immersed
in a halo of dark matter.

1.2 Historical remarks

1912: Victor Hess discovered on a balloon flight that ionizing radiation increases with altitude.
As he wrote “The results of the present observations are most easily explained by the
assumption that radiation with very high penetrating power enters the atmosphere from
above; even in its lower layers, this radiation produces part of the ionization observed
in closed vessels. . . Since there was neither a decrease at night or during solar eclipse,
the Sun can hardly be considered as the source. . . ” [2].

1929: Skobelzyn observed first cosmic rays with a cloud chamber. Bothe and Kolhörster
showed that the tracks are curved by a magnetic field. This proved that the observed
cosmic rays on ground are charged particles—now we know that these are mainly muons
produced as secondaries in cosmic ray interactions in the higher atmosphere.

28/29: Clay observed the “latitude effect”: The cosmic ray intensity depends on the (geomag-
netic) latitude. Bothe and Kolhörster provided first the correct interpretation of this
effect as an anisotropy induced by the magnetic field of the Earth, providing in turn
evidence that (the primary) cosmic rays are charged.

1932: Anderson discovered the positron in cosmic rays. This was just the start for a series
of new particles detected in cosmic rays: The muon 1936 again by Andersen, charged
pions in 1947, and strange particles 1947–50.

1932: Raged debate in the US about sources and primary type of the new radiation. Millikan
and Compton favored gamma rays and coined therefore the name ”cosmic rays.”

1934: The sign of the east-west asymmetry showed that the cosmic ray primaries are positively
charged particles.

34/38: Rossi and independently Auger discovered through coincidence measurements ”exten-
sive air showers,” showers of secondary particles caused by the collision of high energy
cosmic rays with air nuclei.

7

[from Kachelriess'08]
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• Abundance of Galactic CRs in the Li-Be-B group is larger than observed 
from solar system measurement. 

• Phenomenon is related to production of secondary CRs ( ) in primary 
CR ( ) collisions in background molecular gas: 

• Steady-state solution ( : 

• Secondary-to-primary ratio: 

•

ns
np

∂tNs = ∂tNp = 0)

Highlights from 2019
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Secondary-To-Primary Ratio

3 Galactic cosmic rays

(Z = 21 − 25) group are much more abundant in
cosmic rays than in the solar system. We explain
this later as a propagation effect: The elements
from the Li-Be-B group are produced as secondaries in cosmic rays interactions in the Galaxy.

Figure 3.2: Abundance of elements mea-
sured in cosmic rays compared
to the solar system abun-
dance, from Ref. [5].

Second, the spectra shown in Fig. 3.1 are above
a few GeV power-laws, practically without any
spectral features. The total cosmic ray spectrum
is

I(E) ∼ 1.8E−α particles

cm2 s st GeV
(3.5)

in the energy range from a few GeV to 100 TeV
with α ≈ 2.7. Around 1015 eV (the “knee”), the
slope steepens from α ≈ 2.7 to α ≈ 3.0. The spec-
trum above 1018 eV will be discussed in Chap-
ter 6.

The power-law form of the cosmic ray spec-
trum indicates that they are produced via non-
thermal processes, in contrast to all other radi-
ation sources like e.g. stars or (super-) novae
known until the 1950’s.

Third, small differences in the exponent α of
the power-law for different elements are visible:
The relative contribution of heavy elements increases with energy.

The kinetic energy density of cosmic rays is

ρCR =
∫

dE Ekn(E) = 4π
∫

dE
Ek

v
I(E) . (3.6)

Extrapolated outside the reach of the solar wind, it is

ρCR ≈ 0.8 eV/cm3 (3.7)

compared to the average energy density ρb ≈ 100 eV/cm3 of baryons in the Universe, of star
light ρlight ≈ 5 eV/cm3 in the disc, and in magnetic fields ρmag = 0.5 eV/cm3 for B = 6µG.
If the local value of ρCR would be representative for the Universe, 1% of the energy of all
baryons would be in the form of relativistic particles. This is rather unlikely and suggests
that cosmic rays are accumulated in the Galaxy.

Solar modulations When cosmic rays enter our Solar System, they must overcome the
outward-flowing solar wind. This wind impedes and slows the incoming cosmic rays, reducing
their energy and preventing the lowest energy ones from reaching the Earth. This effect is
known as solar modulation. The Sun has an 11-year activity cycle which is reflected in the
ability of the solar wind to modulate cosmic rays. As a result, the cosmic ray intensity at
Earth is anti-correlated with the level of solar activity, i.e., when solar activity is high and
there are lots of sunspots, the cosmic ray intensity at Earth is low, and vice versa.

Since the number of cosmic rays increases with decreasing energy, most cosmic rays are not
visible to us. This suppression effect at energies below a few GeV is clearly visible in Fig. 3.3,
where the intensity of oxygen is shown for three different periods.

16

Li-Be-B

∂tNs = −
Ns

τloss
+ cρσp→sNp

Ns = τlosscρσp→sNp

Ns

Np
= τloss(E)cρσp→s ∝ E−δdiff
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and L3–L8. This residual background is < 3% for the
boron sample and < 0.5% for carbon.
The background from carbon, nitrogen, and oxygen

interactions on materials above L1 (thin support structures
made by carbon fiber and aluminum honeycomb) has been
estimated from simulation, using MC samples generated
according to AMS flux measurements [32]. The simulation
of nuclear interactions has been validated using data as
shown in Fig. 3 of the Supplemental Material [31]. The
background from interactions above L1 in the boron
sample is 2% at 2 GV and increases up to 8% at 2.6
TV, while for the carbon sample it is< 0.5% over the entire
rigidity range. The total correction to the B=C ratio from
background subtraction is −2% at 2 GV, −3% at 20 GV,
−7% at 200 GV, and −10% at 2 TV.
After background subtraction the sample contains

2.3 × 106 boron and 8.3 × 106 carbon nuclei.
Data analysis.—The isotropic flux ΦZ

i for nuclei of
charge Z in the ith rigidity bin ðRi; Ri þ ΔRiÞ is given by

ΦZ
i ¼ NZ

i

AZ
i ϵ

Z
i TiΔRi

; ð1Þ

where NZ
i is the number of events of charge Z corrected

for bin-to-bin migrations, AZ
i is the effective acceptance, ϵZi

is the trigger efficiency, and Ti is the collection time.
The B=C ratio in each rigidity bin is then given by

!
B
C

"

i
¼ ΦB

i

ΦC
i
¼ NB

i

NC
i

!
AB
i

AC
i

ϵBi
ϵCi

"−1
: ð2Þ

In this Letter the B=C ratio was measured in 67 bins from
1.9 GV to 2.6 TV with bin widths chosen according to the
rigidity resolution.
The bin-to-bin migration of events was corrected

using the unfolding procedure described in Ref. [4]

independently for the boron and the carbon samples.
This results in a correction on the B=C ratio of −2.4%
at 2 GV, −0.5% at 20 GV, −5% at 200 GV, and −13%
at 2 TV.
Extensive studies were made of the systematic errors.

These errors include the uncertainties in the two back-
ground estimations discussed above, in the trigger effi-
ciency, in the acceptance calculation, in the rigidity
resolution function, and in the absolute rigidity scale.
The systematic error on the B=C ratio associated with

background subtraction is dominated by the uncertainty of
∼10% in the boron sample background estimation for
interactions above L1, see, for example, Fig. 3 of the
Supplemental Material [31]. The total background sub-
traction error on the B=C ratio is < 1% over the entire
rigidity range.
The systematic error on the B=C ratio associated with the

trigger efficiency is < 0.5% over the entire rigidity range.

Rigidity [GV]
10 210 310

∆

0.6−

0.4−

0.2−

0

0.2

FIG. 2. The B=C spectral index Δ as a function of rigidity.
The dashed red line shows the single power law fit result to the
B=C ratio above 65 GV; see Fig. 1.
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FIG. 3. The boron to carbon ratio as a function of kinetic energy
per nucleon EK compared with measurements since the year 1980
[12–21]. The dashed line is the B=C ratio required for the model
of Ref. [7].

Rigidity [GV]
10 210 310

B
/C

0.03

0.04
0.05
0.06

0.1

0.2

0.3

0.4

FIG. 1. The AMS boron to carbon ratio (B=C) as a function of
rigidity in the interval from 1.9 GV to 2.6 TV based on 2.3 million
boron and 8.3 million carbon nuclei. The dashed line shows
the single power law fit starting from 65 GV with index Δ ¼
−0.333% 0.014ðfitÞ % 0.005ðsystÞ.

PRL 117, 231102 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

2 DECEMBER 2016

231102-4
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Borton-To-Carbon Ratio

FB/FC ∝ E1/3
k

NB
NC

∝ τlossβnbgrσB→C

[AMS'16]
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Radioactive Isotopes
• Secondary isotopes produces in CR interactions can be unstable, e.g. 

 with a lifetime  years: 

• Steady-state solution is now: 

• Beryllium is dominated by secondary CRs, so ratio of isotopes is: 

• For  we get  years.

10Be τdecay ≃ 1.5 × 106

E ≃ 100 MeV τloss ≃ 15 × 106

∂tNs = −
Ns

τloss
−

Ns

τdecay
+ cρσp→sNp

Ns =
cρσp→s

τ−1
loss + τ−1

decay
Np

N10Be

N9Be
≃ (1 +

τloss

τdecay )
−1 σp→10Be

σp→9Be
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Be10-to-Be9 Ratio

values of L and D0xx allowable (between the dashed lines) [9] by using CR B flux measurements 
(specifically the proportion of B to C) and Be isotope measurements (specifically 10Be/9Be), as 
available prior to precision measurements of these secondary nuclear fluxes. Using GALPROP 
calculations constrained by (here putative) high-statistics measurements of the energy evolution 
of the CR B/C and 10Be/9Be ratios, the degenerate band of the available phase space can be shrunk 
appreciably to the elliptical region.  

Figure 1. Left: parameter space of available values of CR Galactic halo scale height L as a 
function of Galactic diffusion parameter D0xx. The dashed lines represent a degenerate parameter 
region [9] allowable by the measured Be and B secondary nuclei fluxes prior to high precision 
measurements by the current generation of instruments. With new high-precision measurements 
of the energy evolution of B/C and 10Be/9Be ratios, the phase space becomes constrained to a 
region such as illustrated by the ellipses. Right: mass-resolved measurements of the 10Be/9Be ratio 
as a function of energy [10], as used in producing the parameter-space band in the left-hand plot. 
Three model predictions of the rise of the ratio with energy are indicated, but are not constrained 
by the available data. 

 
Beryllium isotopes play a special role in assessing the physics of CR secondary production 

and propagation. Once generated, 9Be nuclei are stable, while 10Be will b decay with a half-life 
of 1.39 Myr. Given that the propagation times of CRs confined by Galactic magnetic fields, are 
typically on the order of 7-10 Myrs, the beryllium isotopes provide a suitable propagation clock. 
Additionally, the energy evolution of the 10Be/9Be ratio is expected to show an increase between 
1 GeV/n and 10 GeV/n, owing to Lorentz time dilation becoming significant in this energy region. 
Thus while 1 GeV/n isotopes can reach the Earth from a region largely confined to the disk of the 
Galaxy, at higher energies the Galactic halo becomes progressively more highly sampled. Fig. 1 
(right) shows mass-resolved measurements of the 10Be/9Be ratio as a function of energy [10], 
along with three model curves illustrative of the rise caused by the Lorentz time-dilated survival 
lifetime of 10Be with increasing energy, allowing the secondary isotopes to reach Earth from a 
progressively larger volume of the Milky Way’s halo. At present the available measurements do 
not constrain the models; this is the prime motivation for the HELIX program of light-isotope 
measurements.  

 
  

N10Be
N9Be

≃ (1 + τloss(E)
τdecay(E) )

−1
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Energy Budget of Galactic CRs
• Energy density of observed CRs: 

• Diffusion volume in leaky-box:  

• With  years we can estimate the required luminosity of 
Galactic CR sources: 

• Galactic core-collapse supernovae release gravitational binding energy 
at the level of . 

• Can account for  if % of  is converted to CRs.

V ≃ 10kpc × π(15kpc)2 ≃ 7000kpc3

τloss ≃ 15 × 106

Wkin ≃ 3 × 1051 erg

ℒCR 𝒪(10) Wkin

wCR = ∫ dEEnCR(E) ≃ 1
eV
cm3

ℒCR =
VωCR

τloss
≃ 5 × 1053 eV

s
≃ 7 × 1041 erg

s
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Supernovae
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Crab Nebula (SN 1054)
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Diffusive Shock Acceleration

u∂z f
⏟

− ∂z (K∥∂z f) −
1
3

du
dz

p∂p f = Q

P. Blasi: The origin of galactic cosmic rays Page 17 of 73

not scale linearly with time (see for instance Giacalone 2013 and references therein).
The particle transport perpendicular to the background field most likely plays a very
important role in terms of confinement of CRs in the Galaxy, especially when realis-
tic models of the galactic magnetic field are taken into account (DeMarco et al. 2007;
Effenberger et al. 2012).

Third, as discussed by Goldreich and Sridhar (1995), the cascade of Alfvenic tur-
bulence from large to small spatial scales proceeds in an anisotropic way, so that at
the resonant wavenumbers relevant for particle scattering, small power might be left
in the parallel wavenumbers. The CR transport in these conditions might be better
modeled as diffusion in a slab plus two dimensional turbulence and the diffusion
of particles in such turbulence can be described by the so-called non-linear guiding
center theory, first developed by Matthaeus et al. (2003). The main physical charac-
teristic of this theory of CR transport is that the diffusion coefficient perpendicular to
the magnetic field is a non-trivial function of the diffusion coefficient parallel to the
field. This non-linearity makes it difficult to achieve a fully self-consistent treatment
of CR propagation either in the Galaxy or in the accelerators. This point has recently
been investigated in detail by Shalchi et al. (2010).

3.3 DSA through the transport equation

Let us consider a shock front characterized by a Mach number Ms . The compression
factor at the shock r = u1/u2 is then

r = 4M2
s

M2
s + 3

, (33)

which tends to 4 in the limit of strong shocks, Ms → ∞. A test particle diffusing in
the upstream plasma does not gain or lose energy (although the second order Fermi
process discussed above may be at work).

For a stationary parallel shock, namely a shock for which the normal to the shock
is parallel to the orientation of the background magnetic field (see Fig. 6) the transport

Fig. 6 Illustration of
test-particle acceleration at a
collisionless shock. In the shock
frame the plasma enters from the
left with velocity u1 and exits to
the right with velocity u2 < u1.
Here the test particle is shown to
enter downstream with cosine of
the pitch angle µ (as measured
in the upstream plasma frame)
and exit with a cosine of the
pitch angle µ′ (as measured in
the downstream plasma frame)

convection compressiondiffusion
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Diffusive Shock Acceleration
• CR injection at shock ( ): 

• Integration of diffusion equation (DE) in the shock vicinity: 

• In upstream region  for  , so DE yields: 

• In downstream region , so DE in shock vicinity becomes: 

• Solution is power-law in momentum:

z = 0

f → 0 z → − ∞

∂z f = 0

Q(p, z) = 𝒩u1δ(p − pinj)δ(z)

[K∂z f]2
− [K∂z f]1

+
1
3

(u2 − u1)p∂p f0 + 𝒩u1δ(p − pinj) = 0

∂z [uf − K∂z f] = 0 → [K∂z f]1
= u1 f0

f0 =
u2 − u1

3u1
p∂p f0 + 𝒩δ(p − pinj)

f0(p) = θ(p − pinj)
3u1

u1 − u2

𝒩
pinj ( p

pinj )
− 3u1

u1 − u2



Hadronic Emission
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Multi-Messenger Interfaces
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cosm
ic ray

neutrino

gam
m

a ray

absorption

magnetic 
deflection

multi-
messenger

source

gravitationalwaves

Acceleration of cosmic rays (CRs) - 
especially in the aftermath of 

cataclysmic events, sometimes visible 
in gravitational waves (GW).

Secondary neutrinos and gamma-rays 
from pion decays:

cosmic ray 
nucleus

ambient 
matter

pions

(…)

⇡` Ñ µ` ` ⌫µ

ë e` ` ⌫e ` ⌫̄µ

⇡0 Ñ � ` �

Markus Ahlers (NBI) Deciphering Cosmic ⌫s with MM Astronomy March 2, 2018 slide 1

e++νe + νμ

π0 → γ + γπ+ → μ++νμ

2nd 
CRs
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Proton-Photon ( ) Interactionspγ

15 52. Plots of Cross Sections and Related Quantities

Figure 52.11: Total and elastic cross sections for »p, total cross section for À≠p, and total
hadronic cross sections for “d, “p, and ““ collisions as a function of laboratory beam momentum
and the total center-of-mass energy. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)

1st June, 2020 8:30am

[Particle Data Group; pdg.lbl.gov]



Markus Ahlers (NBI) UNDARK 2026

Highlights from 2019

29

Proton-Proton ( ) Interactionspp
10 52. Plots of Cross Sections and Related Quantities

Figure 52.6: Total and elastic cross sections for pp and pp collisions as a function of laboratory
beam momentum and total center-of-mass energy. ‡el is computed using the nuclear part of the
elastic scattering amplitude [126]. Corresponding computer-readable data files may be found at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, NRC KI – IHEP, Protvino,
August 2019.)

1st June, 2020 8:30am

[Particle Data Group; pdg.lbl.gov]
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• Pion production depend on target opacity  

• Bolometric pion production efficiency (with inelasticity ): 

• Inelasticity per pion:  

• Bolometric relation of the production rates : 

• Charged-to-neutral pion ratio : 

τ = ℓσn

κ

κπ = κ /⟨Nπ⟩ ≃ 0.17 − 0.2

Q

Kπ

E2
πQπ± ≃

⟨Nπ±⟩
⟨Nπ0⟩ + ⟨Nπ±⟩ [fπE2

NQN(EN)]EN=Eπ/κπ

E2
πQπ± ≃

Kπ

1 + Kπ
[fπE2

NQN(EN)]EN=Eπ/κπ
Kπ =

⟨Nπ±⟩
⟨Nπ0⟩

= {2 pp
1 pγ

fπ = 1 − e−κτ
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• Neutrino emission from charged pion decay: 

• Gamma-ray emission from neutral pion decay: 

• Multi-messenger relation between neutrino and -ray emission: 

• Note: Observable -ray emission is attenuated in sources and, in particular, 
in extragalactic background radiation.

γ

γ

π0 → γ + γ

Gamma-Ray vs. Neutrinos

31

1
3 ∑

α

EνQνα
(Eν) ≃ [EπQπ±(Eπ)]Eπ≃4Eν

1
2

EγQγ(Eν) ≃ [EπQπ0(Eπ)]Eπ≃2Eγ

1
3 ∑

α

E2
ν Qνα

(Eν) ≃
1
4

Kπ [E2
γ Qγ(Eγ)]Eγ≃2Eν

π+ → μ+ + νμ

μ+ → e+ + νe + ν̄μ
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Indirect Evidence

•  production in CR collisions with gas: . 

• -ray in the rest-frame of the pion takes . 

• Kinematics of the interaction produces a break at .

π0 p + p → π0 + X

γ E*γ = mπ /2 ≃ 67.5 MeV

Eγ ≃ 200 MeV

Direct & Indirect Evidence

• direct evidence from “pion bump”
signatures [Fermi’13]

• pion production in CR-gas interactions

p + p ! p0 + other particles

• g-ray energy in rest frame of pion:

Eg =
1

2
mp0 = 67.5MeV

• kinematics of the interaction produces a
break at about Eg ' 200 MeV

• indirect evidence of Galactic CRs via
di↵use hadronic emission from the
Galaxy
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Figure 2: (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured with the
Fermi-LAT. Color-shaded areas bound by dashed lines denote the best-fit broadband smooth
broken power law (60 MeV to 2 GeV), gray-shaded bands show systematic errors below 2
GeV due mainly to imperfect modeling of the galactic diffuse emission. At the high-energy
end, TeV spectral data points for IC 443 from MAGIC (29) and VERITAS (30) are shown.
Solid lines denote the best-fit pion-decay gamma-ray spectra, dashed lines denote the best-fit
bremsstrahlung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra when
including an ad hoc low-energy break at 300 MeV c�1 in the electron spectrum. These fits were
done to the Fermi LAT data alone (not taking the TeV data points into account). Magenta stars
denote measurements from the AGILE satellite for these two SNRs, taken from (31) and (19),
respectively.

[Fermi’13]
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gamma-ray spectra observed from  

two Galactic supernova remnants

[Fermi'13]
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Neutrinos from Pion Decay

• Neutrinos from pion and muon decay:

p+
! µ+ + nµ

µ+
! e+ + ne + n̄µ

• average energy fraction from relativistic
pions (rp ⌘ m2

µ/m2
p ' 0.57):

hxip+!nµ
=

1 � rp

2
' 21%

hxip+!nµ
=

3 + 4rp

20
' 26%

hxip+!ne =
2 + rp

10
' 26%

0.0 0.2 0.4 0.6 0.8 1.0
energy fraction xn
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x n
hF

i(
x n
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• In practice, we often use the approximation:

hxinx ' hxin̄x '
1
4

& kp '
1
5

!
hEni

EN
'

1
20

Appendix

• Average energy fraction of pions from 
CR nucleons: 

• Average energy fraction from 
relativistic pions ( ) 

• Approximately:

rπ = (mμ/mπ)2

⟨xνμ
⟩ =

1 − rπ

2
≃ 21 %

⟨xνμ
⟩ =

3 + 4rπ

20
≃ 26 %

⟨xνe
⟩ =

2 + rπ

10
≃ 26 %

⟨xπ⟩ = κπ ≃ 20 %

⟨Eν⟩ ≃
1
2

⟨Eγ⟩ ≃
1
20

EN

[e.g. Lipari, Lusignoli & Meloni '07]
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Neutrinos are part of weak isospin doublets and anti-doublets: 

Participate in charged (W) and neutral (Z) current interactions:

(νe
e−)L ( νμ

μ−)
L

(ντ
τ−)L (e+

νe)
R

(μ+

νμ )
R

(τ+

ντ)
R
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High-Energy Neutrino Interactions

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

• High-energy neutrinos interact with nuclei in deep inelastic scattering processes.
41

q

p

P

k k�

` `�

N H|
{z

}

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 `� and a hadronic state H with center of mass energy (P + q)2 = W 2. This scattering

• Neutrino interactions with individual “partons” (quarks) of the nucleus.
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Analogously, the parton level neutral current (NC)
interactions of the neutrino with nucleons are shown
in the bottom two diagrams (c) and (d) of Fig. 11. The
leading-order double differential neutral current cross
section can be expressed as

d2sNC
dQ2dx

=
G2

F
p

 
m2

Z
Q2 + m2

Z

!2

·
⇣

q0(x, Q2) + q0(x, Q2)(1 � y2)
⌘

. (15)

Here, the structure functions are given by

q0 = ( fu + fc + ft)L2
u + ( fu + fc + ft)R2

u ,

+ ( fd + fs + fb)L2
d + ( fd + fs + fb)R2

d , (16)

q0 = ( fu + fc + ft)R2
u + ( fu + fc + ft)L2

u ,

+ ( fd + fs + fb)R2
d + ( fd + fs + fb)L2

d . (17)

The weak couplings after electro-weak symmetry break-
ing depend on the combination I3 � q sin2 qW , where I3 is
the weak isospin, q the electric charge, and qW the Wein-
berg angle. More explicitly, the couplings for left-handed
(I3 = ±1/2) and right-handed (I3 = 0) quarks are given
by

Lu =
1
2

� 2
3

sin2 qW , Ld = �1
2

+
1
3

sin2 qW , (18)

Ru = �2
3

sin2 qW , Rd =
1
3

sin2 qW . (19)

As in the case of charged current interactions, the relation
of neutron structure function fq are given by the exchange
u $ d and u $ d and for an iso-scalar target one takes
fu/d ! ( fu + fd)/2 and fu/d ! ( fu + fd)/2.

5.3 High-Energy Neutrino-Matter Cross Sections

The expressions for the total charged and neutral current
neutrino cross sections are derived from Eqs. (14) and (15)
after integrating over Bjorken-x and momentum trans-
fer Q2 (or equivalently inelasticity y). The evolution of
PDFs with respect to factorisation scale µ can be calcu-
lated by a perturbative QCD expansion and results in the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equa-
tions [80,81,82,83]. The solution of the (leading-order)
DGLAP equations correspond to a re-summation of pow-
ers (as ln(Q2/µ2))n which appear by QCD radiation in
the initial state partons. However, these radiative pro-
cesses will also generate powers (as ln(1/x))n and the
applicability of the DGLAP formalism is limited to mod-
erate values of Bjorken-x (small ln(1/x)) and large Q2

(small as). If these logarithmic contributions from a small
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FIG. 13: Neutrino and anti-neutrino cross-sections on isoscalar targets for CC and NC scattering according to HERAPDF1.5.

using HERAPDF1.5 at NLO are shown in Fig. 13. The general trend of the uncertainties can be understood by noting
that as one moves to higher neutrino energy one also moves to lower x where the PDF uncertainties are increasing.
The PDF uncertainties are smallest at 10�2 <⇠ x <⇠ 10�1, corresponding to s ⇠ 105 GeV2. Moving to smaller neutrino
energies brings us into the high x region where PDF uncertainties increase again. This e�ect is greater for the
HERAPDF1.5 because the HERA data have less statistics at high x than the fixed target data which are included
in CT10; however these data have further uncertainties that are not fully accounted for in CT10, e.g. heavy target
corrections, deuterium corrections and assumptions regarding higher twist e�ects. When the high x region becomes
important the neutrino and antineutrino cross-sections are di�erent because the valence contribution to xF3 is now
significant. This is seen in Fig. 13, as is the onset of the linear dependence of the cross-sections for s < M2

W . Note
that our predictions are made for Q2 > 1 GeV2 since perturbative QCD cannot sensibly be used at lower values.
Moreover for s below ⇠ 100 GeV2, there can be contributions to the cross-section of O(10%) from even lower values
of Q2 which are not accounted for here; hence we do not show results for E� below 50 GeV where there are other
contributions to the neutrino cross-section and the use of a code such as GENIE [59] is appropriate. For higher
energies, we intend to upgrade ANIS [57] to use the HERAPDF1.5 (di�erential) cross-sections. Meanwhile we have
provided the total DIS cross-sections for CC and NC scattering of neutrinos and antineutrinos on isoscalar targets
in Tables I and II and recommend these as a benchmark for use by experimentalists. These cross-sections as well
as those for isoscalar targets are available from a webpage [60]; di�erential cross sections are available upon request.
Any measured deviation from these values would signal the need for new physics beyond the DGLAP formalism.

VII. ACKNOWLEDGEMENTS

We are grateful to James Ferrando for providing us with an up-to-date version of DISPRED and for discussions. We
also thank Mike Whalley and Voica Radescu for the speedy implementation of HERAPDF1.5 in LHAPDF. PM and
SS thank their colleagues in the Auger and IceCube collaborations for stimulating exchanges and acknowledge partial

11

100 104 106 108 1010 1012

!0.4

!0.2

0.0

0.2

0.4

EΝ !GeV"

re
l.
d
ev
.
w
#r
to
H
E
R
A
P
D
F
1
.5

Ν CC xsec $HERAPDF1.5%

Ν CC xsec $ANIS%

Ν CC xsec $GENIE%

100 104 106 108 1010 1012

!0.4

!0.2

0.0

0.2

0.4

EΝ !GeV"

re
l.
d
ev
.
w
#r
to
H
E
R
A
P
D
F
1
.5

Ν NC xsec $HERAPDF1.5%

Ν NC xsec $ANIS%

FIG. 12: The relative deviation of the ANIS [57] and GENIE [59] cross-sections from the HERAPDF1.5 central member.

100 104 106 108 1010 1012
0.1

10

1000

105

EΝ !GeV"

Ν
an
d
Ν
C
C
cr
os
ss
ec
tio
n
!p
b" Ν CC xsec #HERAPDF1.5$

Ν CC xsec #HERAPDF1.5$

100 104 106 108 1010 1012
0.1

10

1000

105

EΝ !GeV"

Ν
an
d
Ν
N
C
cr
os
ss
ec
tio
n
!p
b" Ν NC xsec #HERAPDF1.5$

Ν NC xsec #HERAPDF1.5$

FIG. 13: Neutrino and anti-neutrino cross-sections on isoscalar targets for CC and NC scattering according to HERAPDF1.5.

using HERAPDF1.5 at NLO are shown in Fig. 13. The general trend of the uncertainties can be understood by noting
that as one moves to higher neutrino energy one also moves to lower x where the PDF uncertainties are increasing.
The PDF uncertainties are smallest at 10�2 <⇠ x <⇠ 10�1, corresponding to s ⇠ 105 GeV2. Moving to smaller neutrino
energies brings us into the high x region where PDF uncertainties increase again. This e�ect is greater for the
HERAPDF1.5 because the HERA data have less statistics at high x than the fixed target data which are included
in CT10; however these data have further uncertainties that are not fully accounted for in CT10, e.g. heavy target
corrections, deuterium corrections and assumptions regarding higher twist e�ects. When the high x region becomes
important the neutrino and antineutrino cross-sections are di�erent because the valence contribution to xF3 is now
significant. This is seen in Fig. 13, as is the onset of the linear dependence of the cross-sections for s < M2

W . Note
that our predictions are made for Q2 > 1 GeV2 since perturbative QCD cannot sensibly be used at lower values.
Moreover for s below ⇠ 100 GeV2, there can be contributions to the cross-section of O(10%) from even lower values
of Q2 which are not accounted for here; hence we do not show results for E� below 50 GeV where there are other
contributions to the neutrino cross-section and the use of a code such as GENIE [59] is appropriate. For higher
energies, we intend to upgrade ANIS [57] to use the HERAPDF1.5 (di�erential) cross-sections. Meanwhile we have
provided the total DIS cross-sections for CC and NC scattering of neutrinos and antineutrinos on isoscalar targets
in Tables I and II and recommend these as a benchmark for use by experimentalists. These cross-sections as well
as those for isoscalar targets are available from a webpage [60]; di�erential cross sections are available upon request.
Any measured deviation from these values would signal the need for new physics beyond the DGLAP formalism.

VII. ACKNOWLEDGEMENTS

We are grateful to James Ferrando for providing us with an up-to-date version of DISPRED and for discussions. We
also thank Mike Whalley and Voica Radescu for the speedy implementation of HERAPDF1.5 in LHAPDF. PM and
SS thank their colleagues in the Auger and IceCube collaborations for stimulating exchanges and acknowledge partial

Fig. 12 High-energy charged current (top panel) and neutral cur-
rent (bottom panel) neutrino and anti-neutrino cross sections based
on the ZEUS global PDF fits [90]; the width of the lines indicate the
uncertainties. Figure from Ref. [90].

x become large, a formalism by Balitsky, Fakin, Kuraev,
and Lipatov (BFKL) may be used to re-sum the as ln(1/x)
terms [84,85]. This approach applies for moderate values
of Q2, since contributions of as ln(Q2/µ2) have to be kept
under control.

There are unified forms [86] and other improvements
of the linear DGLAP and BFKL evolution for the problem-
atic region of small Bjorken-x and large Q2. The extrapo-
lated solutions of the linear DGLAP and BFKL equations
predict an unlimited rise of the gluon density at very
small x. It is expected that, eventually, non-linear effects
like gluon recombination g + g ! g dominate the evolu-
tion and screen or even saturate the gluon density [87,88,
89].

Note, that neutrino-nucleon scattering in charged (14)
and neutral (15) current interactions via t-channel ex-
change of W and Z bosons, respectively, probe the parton
content of the nucleus effectively up to momentum trans-
fers of Q2 ' M2

Z/W (see Fig. 11). The present range of
Bjorken-x probed by experiments only extends down to
x ' 10�4 at this Q-range, and it is limited to 10�6 for arbi-
trary Q values. On the other hand, the Bjorken-x probed
by neutrino interactions is, roughly,

x '
M2

Z/W
s � m2

N
' 10�4

✓
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lepton scattering

nucleon
hadronic 
cascade

interaction with 
individual quarks

[Cooper-Sarkar, Mertsch & Sarkar’11]

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

• High-energy neutrinos interact with nuclei via deep inelastic scattering.
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