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Cosmogenic neutrinos

• cos-mo-gen-ic (adj.): “produced by cosmic rays”

8 but this is true for all high-energy neutrinos. . .

Ü more specifically: not in the source or atmosphere, but during CR propagation

• most plausibly via pion production in pγ interactions, e.g.

p + γbgr → ∆→ n + π+

π+ → µ+ + νµ & µ+ → e+ + ν̄µ + νe & n→ p + e− + ν̄e

(e.g. Centaurus A)

pγ / pp

propagation (e.g. IceCube)
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Ultra-High Energy (UHE) Cosmic Rays (CRs)

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
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[Particle Data Group’13, pdg.lbl.gov]
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Cosmogenic 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 ]

• + 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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GZK neutrinos from CMB

• 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 '
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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 di!erent redshifts. It is
evident that the high and low ends of the neutrino spec-
trum are sensitive to di!erent 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 e!ectively decreases
as (1 + z)!1. To this we must add additional factors
of !(z)H(z) ! (1 + z)0.5 for the source evolution in a
"M = 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 E! = 1020 eV, the increasing proton energy runs
into the exponential cuto! 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 E!/Ep. Now, as the source red-
shift increases, E! 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 !(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(E!), show the contri-
bution of di!erent 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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Flavor Composition

• in general, initial flavor
ratio (νe:νµ:ντ ) depend on
process and environment

• mixing between flavor and
mass eigenstates

|να〉 =
∑

j

U∗αj|νj〉,

• flavor oscillations average
out over cosmic distances

Pνα→νβ '
∑

i

|Uαi Uβi|2

Ü remaining phase space
thin black line crossing
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Extra-galactic background light (EBL)
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Figure 1: EBL models, measurements, and constraints. See Finke et al. for details and references.

such as the star formation rate density, dust absorption, initial mass function, cosmological
expansion rate, and others. Fig. 1 shows many EBL measurements, constraints and models, and
Hauser & Dwek 14 present a thorough review.

The EBL photons interact with !-rays from cosmological sources to produce e+e! pairs,
absorbing the !-rays so that the observed flux Fobs(E) = Fint(E) exp[!"!!(E)] where Fint(E) is
the unabsorbed source flux as a function of observed energy E, and "!!(E) is the EBL absorption
optical depth. If Fint(E) is known, a measurement of the observed !-ray spectrum from these
sources can be used to probe the EBL. The intrinsic spectrum is not generally known, however it
is possible to determine an upper limit either from theory or from extrapolating a lower energy,
unattenuated spectrum to higher energies. This is discussed further in the next sections. From
the upper limit on Fint(E) and the measurement of Fobs(E) with a !-ray telescope, an upper
limit on "!!(E) can be calculated and compared to theoretical predictions.

2 Constraints with Atmospheric Cherenkov Telescopes

Nearby blazars—active galactic nuclei with relativistic jets pointed along our line of sight—are
!-ray-emitting sources up to VHE energies and are located at cosmological distances. They
are thus a good candidate for constraining the EBL by measuring their !-ray attenuation.
Atmospheric Cherenkov telescopes (ACTs) such as HESS, MAGIC, and VERITAS detect !-rays
through the Cherenkov radiation from particle cascades produced by !-rays interacting with the
Earth’s atmosphere. TeV blazars are located nearby and VHE !-rays are generally attenuated
by the mid-IR EBL. Although they seem to be persistent sources, they are highly variable and
the intrinsic spectrum cannot be determined. However, theory allows the determination of a
maximum possible intrinsic spectrum. Assuming the !-rays are produced by Compton scattering
o! of electrons accelerated by näıve test particle acceleration theory, the hardest possible photon
index will be "int,max = 1.5 where the photon flux is dN/dE " E!!. Using this, results from

several blazars (e.g. 1ES 1011-23215, 1ES 0229+20016, 3C 27917) have ruled out high levels of
the IR EBL. However, physical mechanisms have been suggested to produce intrinsic VHE !-ray
spectra harder than " = 1.5 18,19,20. Without a strong constraint on Fint(E), the constraining
upper limits on the EBL intensity are not well-accepted by some in the community.

3 Constraints with the Fermi-LAT

Higher z sources can be probed in the GeV range using the Fermi telescope. The Fermi Gamma-
Ray Space Telescope’s primary instrument, the Large Area Telescope (LAT) is a pair conversion

[Finke, Razzaque & Dermer’10]

PeV cosmogenic neutrinos via optical-UV background: Eν ' 8PeV (eV/Eγ)
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Cosmogenic neutrinos & gamma-rays

• GZK interactions produce neutral
and charged pions

p + γCMB → n + π+/p + π0

• Bethe-Heitler (BH) pair
production:

p + γCMB → p + e+ + e−

• EM components cascade in
CMB/EBL and contribute to
GeV-TeV γ-ray background

[Berezinsky&Smirnov’75]

• . . . except UHE γ-rays. . .
[Gelmini, Kalashev & Semikoz’05,’07]
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Photon fraction in UHE CRs

8 top-down scenarios
(“SHDM” & “TD”)
mostly ruled out

[Ellis, Mayes & Nanopoulos’05]

[Risse & Homola’07]

4 Z Burst scenario
ν + νbgr → Z → X
marginally consistent

[Weiler’82]

4 cosmogenic γ-rays
(GZK) consistent with
limits
[Gelmini, Kalashev & Semikoz’07]
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Fig. 4. Upper limits on the photon fraction in the integral cosmic-ray flux for dif-
ferent experiments: AGASA (A1, A2) [3,4], AGASA-Yakutsk (AY) [31], Yakutsk
(Y) [32], Haverah Park (HP) [5,6]. In black the limits from the Auger surface detec-
tor (Auger SD) [2] and in blue the limits above 2, 3, 5, and 10 EeV derived in this
work (Auger HYB). The shaded region shows the expected GZK photon fraction as
derived in [7]. Lines indicate predictions from top-down models, see [8,33] and [34].

lower threshold energies (for instance, even above 5 EeV, ∼75% of the events
are in the previously untested energy range of 5−10 EeV).

The photon limits derived in this work also help to reduce certain systematic
uncertainties in other analyses of air shower data such as (i) energy spectrum:
the Auger method of reconstructing the energy spectrum does not suffer from
a large contamination from photons at EeV energies; (ii) nuclear primary
composition: the interpretation of observables sensitive to the primary parti-
cle (for instance the observed average Xmax ) in terms of a nuclear primary
composition can only be marginally biased by contributions from photons; (iii)
proton-air cross-section: the possible contamination from photons was one of
the dominant uncertainties for deriving the proton-air cross-section [13,14],
and this uncertainty is now significantly reduced (to ∼50 mb for data at EeV
energies, which corresponds to a relative uncertainty of ∼10%).

In future photon searches, the separation power between photons and nuclear
primaries can be enhanced by adding the detailed information measured with
the surface detectors in hybrid events. For an estimate of the future sensitivity
of Auger to photons see Ref. [34]. The information on event directions can also
be used in future analyses; for instance, an excess flux of photons from the
direction of the galactic center (e.g. Ref. [10]) can be searched for.

15

[plot by Auger’09]

[AGASA (A), AGSAS-Yakutsk (AY), Yakutsk (Y), Haverah Park (HP)]
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Gamma-ray cascades

• CMB interactions (solid lines)
dominate in casade:

• inverse Compton scattering
(ICS)
e± + γCMB → e± + γ

• pair production (PP)
γ + γCMB → e+ + e−

• PP in IR/optical background
(red dashed line) determines
the “edge” of the spectrum.

[e.g. Franceschini et al. ’08]

Ü cascade bound for neutrino
production of UHE CRs

[Berezinsky&Smirnov’75]
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Cosmogenic neutrinos from CR protons
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Cosmogenic neutrinos from CR protons
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Cosmogenic neutrinos from CR protons
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Cosmogenic neutrinos from CR protons
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Cosmogenic neutrinos from CR protons
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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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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spectrum from data of HiRes 1&2 [101], the Telescope Array [103], and the Auger
Observatory [104]. The HiRes stereo spectrum [122] is consistent with the HiRes
1&2 monocular results. The differential cosmic-ray flux is multiplied by E2.6. The
red arrow indicates the change in the plotted data for a systematic shift in the
energy scale of 20%.

primaries.

Concerning the ankle, one possibility is that it is the result of a higher energy
population of particles overtaking a lower energy population, for example an extragalactic
flux beginning to dominate over the galactic flux (e.g. Ref. 100). Another possibility is
that the dip structure in the region of the ankle is due to γp → e+ + e− energy losses
of extragalactic protons on the 2.7 K cosmic microwave radiation (CMB) [108]. This
dip structure has been cited as a robust signature of both the protonic and extragalactic
nature of the highest energy cosmic rays [107]. If this interpretation is correct, then the
galactic cosmic rays do not contribute significantly to the flux above 1018 eV, consistent
with the maximum expected range of acceleration by supernova remnants.

The energy-dependence of the composition from the knee through the ankle is useful
in discriminating between these two viewpoints, since a heavy composition above 1018

eV is inconsistent with the formation of the ankle by pair production losses on the
CMB. The HiRes and Auger experiments, however, present very different interpretations
of data on the depth of shower maximum Xmax, a quantity that correlates strongly
with the interaction cross section of the primary particle. If these results are interpreted
using standard extrapolations of measured proton and nuclear cross sections, then
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di↵erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, hXmaxi and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e�-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured hXmaxi-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di↵erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, hXmaxiobs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e↵ects
to obtain an unbiased measurement of hXmaxi in the atmosphere.
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Figure 10: Elongation rates obtained by a linear fit in lg E to the Xmax data
of HiRes, Yakutsk, TA and Auger above di↵erent energy thresholds. Only fit
results with �2/Ndf < 2 are shown. The yellow, solid band is the average
obtained for HiRes, Yakutsk and TA , the green hatched band indicates the
average for all four experiments.

Whereas the former approach maximizes the data statistics,
the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
independent of the detector-specific distortions due to accep-
tance and reconstruction can be compared directly.

The HiRes and TA collaborations follow the strategy to pub-
lish hXmaxiobs [130, 132] and to compare it to the detector-
folded air shower simulations. In the HiRes analysis the cuts
were optimized to assure an Xmax-bias that is constant with en-
ergy, but di↵erent for di↵erent primaries and hadronic inter-
action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
Auger collaboration quotes average shower maxima that are
without detector distortions within the quoted systematic uncer-
tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
Sec. 3.2). This relation is derived from air shower simula-
tions and is universal with respect to the primary particle and
hadronic interaction models [154]. We will therefore assume
in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate hln Ai using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the hXmaxiobs-values of HiRes and TA by shifting them
by an amount � which we infer from the di↵erence of the pub-
lished hXmaxiobs-values for proton, QGSJetII to the simulated
values that are obtained without detector distortions:

hXmaxicorr = hXmaxiobs + � (27)

12

[Kampert&Unger’12]

• composition measurement on a statistical basis

• first two moments: 〈Xmax〉 & RMS(Xmax)

• average mass inferred, e.g. from 〈Xmax〉:

〈ln A〉 =
〈Xmax〉p − 〈Xmax〉data

〈Xmax〉p − 〈Xmax〉Fe
ln 56
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Fig. 4. The hXmeas
max i (left) and RMS(Xmax) (right) as measured by the HiRes experiment. The lines are

the corresponding hXmeas
max i and sX expectations for proton and iron compositions. The different line

types correspond to different models.

E [eV]
1810 1910

]2
 [g

/c
m

〉
m

ea
s

m
ax

X〈

650

700

750

800

850
QGSJet01
QGSJetII
SIBYLL2.1

proton

iron

Fig. 5. The hXmeas
max i measured by the TA experi-

ment. The lines are the corresponding hXmeas
max i ex-

pectations for proton and iron primaries. The dif-
ferent line types correspond to different models.

lg(E [eV])
18.5 19 19.5 20

N
um

be
r o

f E
ve

nt
s

1

10

210

310

       lg(E[eV]) > 18.2 
HiRes    (798 events)
TA          (279 events)
Auger    (5138 events)
Yakutsk (412 events)

Fig. 6. Number of events that survived the se-
lection cuts as a function of energy. For this
plot the energies have been normalized to the
TA energy scale.

Auger Auger HiRes HiRes TA Yakutsk
standard cuts without FOV cuts standard cuts no Rp cuts

E > 1018.2 eV 5138 11343 798 1306 279 412
E > 1019.0 eV 452 709 123 143 67 22

Table 1. Number of events above 1018.2 eV and 1019.0 eV (Fig. 6). In this table we have included the
number of reconstructed Auger events that survived all the quality cuts (i.e. number of events prior to
the application of the field-of-view cuts). The energy distribution of these data is not shown in Fig. 6.
The total number of events that the HiRes collaboration has used for the Xmax analysis above 1018.2 eV
is 815. However, after the application of the energy normalization (normalized to the TA energy scale)
across experiments, 798 HiRes events remained with energies above 1018.2 eV (17 events ended up with
energies below this). The HiRes collaboration applies a cut on Rp to reduce the detector bias effect.
This table shows the number of events before applying this Rp cut.

The HiRes collaboration chooses a fluctuation estimator that differs from the one pub-
lished by Auger and Yakutsk. Whereas the latter use simply the standard deviation (denoted
by RMS(Xmax)), HiRes uses the width of an unbinned likelihood fit with a Gaussian to the
distribution truncated at 2 ⇥ RMS, denoted by sX .

Fig. 4 shows the hXmeas
max i and sX as measured by HiRes. The lines are the corresponding

hXmeas
max i and sX expectations for proton and iron compositions. The different line types

correspond to different models (QGSJet-01, QGSJet-II, SIBYLL2.1).
Fig. 5 shows the corresponding hXmeas

max i observation and expectation for the TA experi-
ment. Currently the TA experiment does not have enough statistics to quantify the width of
the Xmax distributions at the highest energies.

UHECR2012: International Symposium on Future Directions in UHECR Physics

At this meeting, the energy spectrum working group has compared the shape of the
energy spectrum from the Auger, Yakutsk, HiRes and TA experiments and has produced a
table with normalization factors [22]. For the plots presented here, we have normalized the
energy scales to an energy scale that is half way between the Auger and TA energy scales.
The normalization factors that we have used are 1.102 for Auger, 0.55 for Yakutsk, 0.883 for
HiRes and 0.908 for TA. Later in Sec. 7 we will evaluate the compatibility of the different
results. We will transform hXmaxi and hXmeas

max i to hlnAi for meaningful comparisons.
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Fig. 2. hXmaxi measured by Auger and Yakutsk, together with the hXmeas
max i as measured by HiRes and

TA. Data points are shifted to a common energy scale (text for details).
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Fig. 3. Measured hXmaxi (left) and RMS(Xmax) (right) for the Auger and Yakutsk experiments. The
lines indicate the hXmaxi expectations for proton and iron compositions using different hadronic in-
teraction models. Notice that the highest energy bin for Yakutsk contains only 3 events (Fig. 6).

Fig. 3 shows the measured hXmaxi (panel on the left) and RMS(Xmax) (panel on the right)
for the Auger and Yakutsk experiments. Since both experiments published hXmaxi values
with minimum detector bias, we can compare both of them with the model expectations.
The same holds true for the measurements of the shower-to-shower fluctuations, where
both experiments corrected the measurements for the detector resolution. The lines indicate
the predictions from air shower simulations for proton and iron compositions. There are
different line types corresponding to different high energy hadronic interaction models:
QGSJet-01, QGSJet-II, SIBYLL2.1 and EPOSv1.99.

[Mass Composition Working Group Report ’13; arXiv:1306.4430]
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(a) using QGSJet-II model. (b) using SIBYLL model.

Fig. 11. Comparing the average composition (hlnAi) estimated using Auger, HiRes , TA and Yakutsk
data. The shaded regions correspond to the systematic uncertainty ranges. To infer the average com-
position from hXmaxi, QGSJet-II and SIBYLL models have been used.
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Fig. 12. Evaluation of the average composition (hlnAi) estimated using SIBYLL as a function of energy.
Two composition models are evaluated, a constant composition (as suggested by HiRes and TA) and
a changing composition with a break (as suggested by Auger). The results of the fits are summarized
in Tables 2 and 3.

Auger HiRes TA Yakutsk
Constant hlnAi 1.11 ± 0.03 0.6 ± 0.1 0.8 ± 0.2 0.3 ± 0.2

c2/nd f 133.6/10 4.4/7 9.8/7 7.7/7

Table 2. Fitting a horizontal line to the hlnAi as a function of energy.

HiRes quotes systematics broken down into a 3.4 g/cm2 shift in the mean and an un-
certainty of 3.2 g/cm2/decade in the elongation rate. For the purposes of the present com-
parison, we have combined the two HiRes uncertainties into a single number by adding in
quadrature the uncertainty in the mean and the shift due to a 1 s variation in slope over 1.6
decades of energy.

All the systematic uncertainties (on the measured hXmaxi) used in this work correspond
to each experiment’s quoted value. This working group has not attempted to validate those
values.

[Mass Composition Working Group Report ’13; arXiv:1306.4430]

• inferred mass depend on hadronic interactions models

• large systematic uncertainties!

Ü “Auger results are consistent within systematic uncertainties with TA and Yakutsk,
but not fully consistent with HiRes.” [arXiv:1306.4430]
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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 ! = 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 ! = 2.3, Emin = 1018 eV, Emax = 26!1020.5 eV no evolution n = 0. Right panel: The corresponding
spectra of cosmogenic !-rays (dashed lines) and neutrinos (dotted line) for the two models. The di!use !-ray spectrum of the
proton model is marginally consistent with the di!use extra-galactic spectrum inferred by Fermi-LAT [51] and the di!use upper
limit on cosmogenic neutrinos from the 40-string configuration (IC40) of IceCube [55]. The cosmogenic !-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 ! = 2.3
and assume exponential cuto!s 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 ! = 2.3 but no evolution of the sources (n = 0). We assume the same
exponential cuto! at low energies as in the case of the proton model, Emin = 1018 eV, and a high energy cuto! 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 !-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± + !bgr % e± + !, and
pair production (PP) with CMB and CIB radiation, ! + !bgr % e+ + e! [22, 33]. In particular, the spectral energy
distribution of multi-TeV !-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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Approximate∗ scaling law of energy densities

ων ∝
∑

i

A2−γi
i

E2
thQi(Eth)

2− γi︸ ︷︷ ︸
composition

×
∫ zmax

0
dz

(1 + z)n+γi−4

H(z)︸ ︷︷ ︸
evolution

* disclaimer:

• source composition Qi with mass number Ai and index γi

• applies only to models with large rigidity cutoff Emax,i � Ai × EGZK

previous examples (zmax = 2 & γ = 2.3):

• 100% proton: n = 5 & Emax = 1020.5 eV
ωγ ∝ 1× 12

• 100% iron: n = 0 & Emax = 26× 1020.5 eV
ωγ ∝ 0.27× 0.5

4 relative difference: ∼ 82.
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FIG. 27: Compilation of sensitivity estimates from existing instru-
ments, published limits, and a range of GZK neutrino models, along
with the expected 3 year ARA sensitivity.

thus |!E"/E"|y = !y/!y" # 1. Assuming these errors are un-
correlated, and using !R/R $ 0.02 with a mean R $ 1 km,
and cos#C $# = 0.06, the root-sum-squared error is domi-
nated by the Bjorken-y uncertainty, giving |!E"/E"|total $ 1
for E" = 3% 1018 eV. This resolution will also be compara-
ble for lower neutrino energies in the GZK neutrino spectral
range. The y-dominated uncertainty is generic for UHE neu-
trino experiments, but this energy resolution is wholly ade-
quate for the first-order science goals of the ARA instrument.

D. Comparison to Existing Instruments

Fig. 27 provides a comprehensive graphic summary of the
comparison of our estimated ARA sensitivity to estimates for
several operating experiments, along with 2006 limits from
the ARA forerunner experiment RICE [2]. We have already
noted the comparison of ARA to the published ANITA limits;
here we use projections for ANITA’s reach after three flights,
along with similar projections for IceCube and the Auger Ob-
servatory. GZK neutrino models are also included from a wide
range of estimates [27, 28, 30, 31, 34, 37, 43], including the
pure-Iron UHECR composition model noted above.

ARA improves over any other current instrument by an or-
der of magnitude within 3 years of operation, filling in an im-
portant gap in sensitivity in the heart of the cosmogenic neu-
trino spectral energy region. IceCube has excellent sensitivity
to lower energies, up to the 10 PeV level, and ANITA has un-
matched sensitivity at the higher energies, above 10 Eev. The

Auger Observatory, while probing a similar energy range as
ARA, does not have as high a neutrino sensitivity as it is pri-
marily a UHECR instrument. ARA will complement these
other instruments by making high sensitivity observations in
the 0.1-10 EeV energy range, matching the peak of the ex-
pected cosmogenic neutrino fluxes.

V. CONCLUSIONS

We have described the design and initial performance of
a new ultra-high energy neutrino detector at the South Pole,
the 16-antenna, self-triggering ARA-testbed, which is a high-
fidelity prototype for future ARA detector stations. Our initial
operation extending well into the the extreme thermal environ-
ment of the austral winter indicates that radio-frequency inter-
ference is infrequent and has only a slight impact on operation
for our testbed detector, which is closest of any future ARA
stations to the primary sources of interference at the South
Pole station. Other than brief periods of sporadic interference,
the baseline radio noise levels are dominated by the pure ther-
mal noise floor of the ambient ice, and the thermal noise does
not appear to be correlated to wind velocity. We have demon-
strate the ability to maintain impulse trigger sensitivity at a
level close to the thermal noise. We have demonstrated RF
impulse propagation of more than 3 km slant range through
the South Pole ice without significant loss of signal coherence.
We have demonstrated inter-antenna pulse timing precision of
order 100 ps, implying angular resolutions which are more
than adequate for neutrino vertex reconstruction. We have
presented simulations using characteristics projected from our
measurements which give high confidence that our completed
phase-I array, ARA-37, will achieve its goal of a robust detec-
tion of cosmogenic neutrinos, and will lay a clear foundation
for an observatory-class instrument.
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Appendix A: ARA Autonomous Renewable Power Stations
(AARPS)

As ARA moves farther from the station, the transition from
station power to autonomous power sources will become in-
creasingly important. The planned ARA footprint calls for
three ARA stations to be powered from a single node, requir-
ing about 300W from that node.

A variety of power sources were reviewed during 2010 in-
cluding photovoltaic (PV) arrays, wind turbines, diesel gener-
ators, fuel cells, and Stirling engine generators. The first three
remain in consideration with the renewable sources, PV and
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especially in the upper 2 km of its depth, is the clearest solid
dielectric medium on Earth in the radio range, and is the most
compelling natural feature of the ARA site.

Fig. 25(bottom) also shows the arrival zenith angular distri-
bution of neutrino events that were detected, showing that the
neutrino angular acceptance spans a range from ! 5" below
the horizon to ! 45" above the horizon, more than 6 steradi-
ans of solid angle.

TABLE II: Expected numbers of events N! from several UHE neu-
trino models, comparing published values from the 2008 ANITA-II
flight with predicted events for a three-year exposure for ARA-37.

Model & references N!: ANITA-II, ARA,
(2008 flight) 3 years

Baseline cosmogenic models:
Protheroe & Johnson 1996 [27] 0.6 59
Engel, Seckel, Stanev 2001 [28] 0.33 47
Kotera,Allard, & Olinto 2010 [29] 0.5 59

Strong source evolution models:
Engel, Seckel, Stanev 2001 [28] 1.0 148
Kalashev et al. 2002 [30] 5.8 146
Barger, Huber, & Marfatia 2006 [32] 3.5 154
Yuksel & Kistler 2007 [33] 1.7 221

Mixed-Iron-Composition:
Ave et al. 2005 [34] 0.01 6.6
Stanev 2008 [35] 0.0002 1.5
Kotera, Allard, & Olinto 2010 [29] upper 0.08 11.3
Kotera, Allard, & Olinto 2010 [29] lower 0.005 4.1

Models constrained by Fermi cascade bound:
Ahlers et al. 2010 [36] 0.09 20.7

Waxman-Bahcall (WB) fluxes:
WB 1999, evolved sources [37] 1.5 76
WB 1999, standard [37] 0.5 27

In Table II we give expected neutrino event totals from a
wide range of currently allowed cosmogenic neutrino models
for ARA in three years of operation, compared to recent pub-
lished expectations for the best current limits to date, from the
ANITA-II flight [3]. It is evident that ARA-37 will extend in
sensitivity above ANITA-2’s sensitivity by factors of two or-
ders of magnitude or more. For strong-source-evolution and
baseline models, ARA-37 detects between of order 50 to over
200 events in three years of operation, enough to establish the
basic characteristics of the energy spectrum and source arrival
directions.

There are also recent cosmogenic neutrino flux estimates
which compute neutrino fluxes subject to constraints from the
Fermi diffuse gamma-ray background [36], and which include
a heavier nuclear composition (e.g., an admixture of iron) for
the UHECRs [29, 34, 35]. Over a 3-year timescale all of these
models are detectable, but in some cases only marginally, and
up to five years will be necessary to establish the flux. Over
the planned instrument life of a decade or more, ARA-37 will
thus be able to not only establish the flux levels for all of even
the most conservative models, but to begin measurements of
their energy spectral dependence as well.

C. Resolution

Although not directly important for detection of neutrinos,
the resolution of both the distance and angles to the neutrino
interaction vertex, as well as the ability to reconstruct coarse
neutrino incident directions on the sky, are important char-
acteristics of our detector, and we have studied them in de-
tail. This is especially important for our current realization of
ARA-37, since the wider spacing will lead to very few multi-
station coincident events, and thus each station must function
as a stand-alone neutrino detector in both shower energy esti-
mation and neutrino direction angular resolution.

To make these measurements, we have 16 antennas per sta-
tion, and thus 16 waveform amplitudes and phases, as well as
the frequency spectral components of the coherently-summed
waveform which can be estimated to good precision once the
arrival direction is fitted. From the Vpol and Hpol data we
also fit the plane of polarization, and with precise timing we
can measure the radius of curvature of the arriving wavefront.

Our measurement of the distance to the neutrino vertex is
accomplished by the estimates of the wavefront curvature.
This may be thought of as measuring the residuals when fit-
ting the arrival times to a plane wave. For the angular mea-
surements, the antenna array is analyzed as a correlation inter-
ferometer, and precise timing differences between the arrival
times of the Askaryan radio impulse are determined for all of
the N(N #1)/2 pairs of N antennas.

Complementing the precise timing measurements, we can
also operate our cluster array as a radio intensity gradiome-
ter and polarimeter. The gradiometric function comes through
amplitude calibration of the received impulse, and the polari-
metric information comes from ratios of the calibrated ampli-
tudes of the Vpol and Hpol antennas.

All of these estimates are done in offline reconstruction rou-
tines. They are not necessary for the triggering of the array to
record potential neutrino events, but they do make maximal
use of the recorded information in the waveforms and arrival
times of the events.

1. Vertex Resolution

The critical parameter for vertex location is the intra-cluster
timing precision. For this we have used actual measurements
made with ANITA data, to which our collaboration has access.
The ANITA payload, which uses waveform digitizers that are
comparable to our planned digitizers, has demonstrated tim-
ing resolution as good as 30 ps rms for waveforms registered
at the 4"-level detection threshold of ANITA. These timing
precisions come about from extensive in-flight calibration us-
ing ground-based impulse generators, and have proven robust
in the ANITA analysis [5]. For our simulations we have de-
rated these values by a factor of 3.3 to account for our more
limited radio bandwidth, the slower sampling rate we expect
to use, and for possibly unknown systematics in our calibra-
tion.

Fig. 26(left,middle) shows the results of these simulations
for both the range and pointing resolution to the vertex. The

[ARA’11]

Range of GZK neutrino predictions of various evolution models and source
compositions range over two orders of magnitude!
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Nucleon cascade

• Observed composition is result of
source composition and nucleon
cascades.

• Backtracking conserves energy per
nucleon.

8 Bethe-Heitler (BH) loss breaks this
approximation

bA,BH(E) ' Z2 × bp,BH(E/A)

Ü Minimal cosmogenic neutrino
production from fit to Auger data
assuming:

• maximal backtracking

• minimal BH loss

Ü minimal nucleon emissivity

A+5

A+4

Ap He
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Guaranteed cosmogenic neutrinos

Ü nucleon spectrum for
observed mass number Aobs:

Jmin
N (EN) = A2

obsJCR(AobsEN)

• dependence on cosmic
evolution of sources:

• no evolution (dotted)

• star-formation rate (solid)

Ü ultimate test of UHE CR
proton models with ARA-37

Ü generalization to arbitrary
composition via

Jmin
N (EN) =

∑
i

fi(AiEN)A2
i JCR(AiEN)
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Summary

• Cosmogenic neutrinos guarantee a diffuse flux of UHE neutrinos.

• Present neutrino limits start to constrain optimistic (proton-dominated) model.

• A cosmogenic origin of the IceCube “excess” at TeV-PeV energies is very
unlikely.

• Model uncertainties of predictions are large (UHE CR source composition and
evolution).

• Future EeV neutrino observatories (ARA or ARIANNA) will be able to probe
proton-dominated CR models.
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Backup



Diffuse CR fluxes

• spatially homogeneous and isotropic distribution of sources

• Boltzmann equation of comoving number density (Y = n/(1 + z)3):

Ẏi = ∂E(HEYi) + ∂E(biYi)− Γi Yi +
∑

j

∫
dEj γjiYj + Li ,

H : Hubble rate
bi : continuous energy loss
γji (Γi) : differential (total) interaction rate

• power-law proton emission rate:

Lp(0,E) ∝ (E/E0)
−γ exp(−E/Emax) exp(−Emin/E)

• redshift evolution of source emission or distribution:

Lp(z,E) = Lp(0,E)(1 + z)nΘ(zmax − z)Θ(z− zmin)



Proton-dominance in UHE CRs?

• GoF based on
Hires-I/II data
(∆E/E ' 25%)

• fixed:
Emax = 1021 eV
zmin = 0 / zmax = 2

• priors:
2.1 ≤ γ ≤ 2.9
2 ≤ n ≤ 6
ωcas ≤ ωFermi

• range of spectra:
99% C.L.

• increasing
crossover energy
from 2nd knee to
ankle

[MA, Anchordoqui, Gonzalez-Garcia, Halzen & Sarkar ’11]



Propagation of CR nuclei
• fast photo-disintegration of

nuclei (mass number
A = N + Z) beyond the giant
dipole resonance (GDR):

λGDR ∼ 4
A

Mpc

8 strong influence of mass
composition at very high
energy

Ü BUT: conserves total
number of nucleons with
nucleon energy E/A!

Ü Neutrino production
(mostly) via γ-nucleon
interaction!
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