
Karl-Heinz Kampert - Univ. Wuppertal 1 HE Neutrinos and UHECR - The way forward: Weizmann Institute, Jan. 2-15, 2017 

EeV Neutrinos in UHECR  
Surface Detector Arrays: 
Challenges & Opportunities

Karl-Heinz Kampert  
Bergische Universität Wuppertal      

 OBSERVATORY 

 

High-Energy neutrino and 
cosmic ray astrophysics - The way forward
Weizmann Institute of Science
January 2-15, 2017



Karl-Heinz Kampert - Univ. Wuppertal

Is this the GZK-Effect ?
UHECR spectrum with the Pierre Auger Observatory Inés Valiño
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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy
scale is 14%. The number of events is given above the points, which are positioned at the mean value of
log10(E/eV). The upper limits correspond to the 84% C.L.

result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2,
quoting both statistical and systematic uncertainties.

J0 [eV�1km�2sr�1yr�1] Eankle [EeV] Es [EeV] g1 g2 Dg

(3.30±0.15±0.20)⇥10�19 4.82±0.07±0.8 42.09±1.7±7.61 3.29±0.02±0.05 2.60±0.02±0.1 3.14±0.2±0.4

Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum
measured at the Pierre Auger Observatory.

The combined spectrum shows a flattening above the ankle, Eankle = 4.8⇥1018 eV, up to the
onset of the flux suppression. This suppression is clearly established with a significance of more
than 20s (the null hypothesis that the power law above the ankle continues beyond the suppression
point can be rejected with such confidence). The spectral index in the region of the suppression is
less certain due the low number of events and large systematic uncertainties.

A spectral observable in the GZK [15, 16] region that can be used to discriminate between
different UHECR source-composition models is the energy E1/2 at which the integral spectrum
drops by a factor of two below what would be expected with no cutoff. The corresponding value
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1)
with the parameters reported in Table 2, is E1/2 = (2.47±0.01+0.82

�0.34(sys))⇥1019 eV. This result, for
instance, differs at the level of 3.4s from the value of ⇡ 5.3⇥1019 eV predicted in [17] under the
assumption that the sources of UHECRs are uniformly distributed over the universe and that they
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape
of the spectrum will be dominated by the distribution of sources around us (see [18] for example).

4. Declination-dependence of the energy spectrum

Given the location of the Auger Observatory at a latitude �35.2�, events arriving with q<60�

cover a wide range of declinations from �90� to +25�, corresponding to a sky fraction of 71%,
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The UHECR-Flux-Suppression

γ1=3.29 γ2=2.60
Eankle=4.8·1018 eV

* *
E50% = 
4.2·1019 eV

J(E;E > Ea) µ E�g2


1+ exp

✓ log10 E � log10 E1/2

log10 Wc

◆��1

g g

29

Is this the GZK-effect... ?

combined from: infill+hybrid+vertical+inclined events

arXiv:1509.03732 
Update from: PRL 101, 061101 (2008), Physics Letters B 685 (2010) 239
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Cosmogenic 
Neutrinos

Recall: 
• If flux suppression above 5∙1019 eV 
  is due to GZK-effect:  
  expect cosmogenic neutrinos & photons 
 as „smoking gun“ 
• Additional benefit: UHE neutrino physics  

• If due to source exhaustion:  
  neutrinos & photons strongly suppressed
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Cosmogenic+neutrinos+

4+

Detec?on+in+EeV+range+may+provide+complementary+informa?on+to+direct+UHECR+
detec?on+on:++UHECR+nature+(p,+mixed,+Fe),+origin+(evolu?on+of+the+sources,+
maximum+energy+a^ainable,…)+
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 eV (B. Sarkar)20=10maxp, FRII & SFR, E
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p+ �CMB ! � !
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! p+ ⇡0! �EeV! n+ ⇡+! ⌫EeV

GZK-p

GZK-Fe

GZK-p

GZK-Fe

TopDown models

KHK, Unger, APP 35 (2012)

EeV ν’s and γ’s : Smoking gun of GZK-effect

Note, these calculations assume that the flux 
suppression is caused solely by the GZK-effect
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Exhausted UHECR Sources
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Cosmogenic neutrino fluxes may be down by  
~2 orders of magnitudes for exhausted sources !!
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ντ$

Inclined+showers++
&+UHE+neutrinos+

•  Protons+&+nuclei+ini?ate+showers+
high+in+the+atmosphere.++
–  Shower+front+at+ground:++

•  mainly+composed+of+muons+
•  electromagne?c+component+
absorbed+in+atmosphere.+

•  Neutrinos+can+ini?ate+“deep”+
showers+close+to+ground.+
–  Shower+front+at+ground:+

electromagne?c+++muonic+
components+

6+
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Searching+for+neutrinos+�+
searching+for+inclined+showers+

+with+electromagne?c+component+

Search for EeV Neutrinos  
in inclined showers
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Particle Detectors and Radio Antennas

7

This talk: 
Particle Detectors at the surface: Auger and beyond
Optical detection by Fluorescence Telescopes not covered 
(lower exposure because of duty cycle)

Next Talk by Jörg Hörandel: 
Potential of radio detection at the surface



Communications 
antenna 

electronics 

Solar  
panels  

Battery box 

3 photomultiplier tubes 

plastic tank  

12 tons of 
purified water 

GPS 

Surface+Detector+(SD)+sta?ons+

7+

Signals+are+digi?zed+with+
25+ns+?me+resolu?on++

FADC(trace(
VEM+

t+(ns)+

!  Sensi?ve+to+inclined+showers.++
x  Not+directly+sensi?ve+to+electromagne?c+and+muonic+components.+
!  Can+measure+the+?me+structure+of+the+signals+induced+by+electrons+and+muons+

Example+of+signal+
induced+by+a+muon+

Karl-Heinz Kampert - Univ. Wuppertal

Surface Detector Station
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3.6 x 1.2  = 4.3 m2 detector 
area in horizontal direction.
Great advantage of WCD!
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Identifying νs in surface detector data
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Iden?fying+νs+in+data+collected+at+SD+
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With+the+SD,+we+can+dis?nguish+muonic+from+electromagne?c+shower+fronts+
(using+the+?me+structure+of+the+signals+in+the+water+Cherenkov+sta?ons).+

„old“ shower „new“ shower

5 EeV, distance to shower axis ~1km
zenith angle ~80°

5 EeV, distance to shower axis ~1km
zenith angle ~22°
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•  Induce+Time&over&Threshold+
(ToT)+triggers+in+the+SD+
sta?ons+

++++++++++++++++++++++and/or+

•  Have+large+Area&over&Peak+
value+(AoP+�+1+muonic+front)+

Trace+example:+ToT+trigger+&+large+AoP+

Defini?on+of+Area&over&Peak+(AoP)+

From+the+observa?onal+point+of+
view,+signals+extended+in+?me:+

Iden?fying+νs+in+data+collected+at+SD+

Searching+for+neutrinos+�+
Searching+for+inclined+showers+with+sta?ons++

with+ToT+triggers+and/or+large+AoP+
Karl-Heinz Kampert - Univ. Wuppertal

Identifying νs in surface detector data
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Sensi?vity+to+all+flavours+&+channels+
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EAS are sensitive to all ν flavors and channels
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Selection of inclined showers: 3 Observables
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Selec?on+of+inclined+showers:++
3+observables+

12+

(1)+Elongated+footprint+ (2)+Apparent+velocity+V+of+propaga?on+of++
shower+front+at+ground+along+major+axis+L+

Ver?cal+shower++
+
+
V+>>+c+

Horizontal+shower++
+
+
V+�+c+

(3)+Reconstructed+θ$

Advances in High Energy Physics 9

Main axis

!" Δ$%&'%&

Figure 5: Schematic view of the footprint of a shower triggering the
surface detector array of the Pierre Auger Observatory.The shower
triggers the array from the left to the right of the figure, along the
“main axis.” The circles represent the position of the stations, with
their sizes being proportional to the collected signal in the PMTs.
See text for more details.

for downward-going and Earth-skimming events and was
determined through Monte Carlo simulations of !-induced
showers performed at different zenith angles. For downward-
going events with " > 75∘ the requirement is #/$ > 3, while
for Earth-skimming it is more restrictive #/$ > 5 since only
quasihorizontal showers with largely elongated footprints
can trigger the array. The axis of Earth-skimming showers
travelling in the upward direction does not intersect ground,
contrary to the downward-going showers case. For this
reason, we exploit the properties of the footprint generated
by the shower particles that deviate laterally from the shower
axis and trigger the water Cherenkov stations. (see [32, Figure
3]).

Another indication of inclined events is given by the
apparent speed % of the trigger from a station & to a station', averaged over all pairs (&, ') of stations in the event. This
observable denoted as ⟨%⟩ is obtained in a straightforward
manner from the distance between the stations after projec-
tion along the “main axis” of the footprint at ground (*"#)
as depicted in Figure 5, and from the difference in trigger
times of the stations (Δ,"#). Vertical showers have apparent
average speeds exceeding the speed of light since all triggers
occur at roughly the same time, while in very inclined events⟨%⟩ is concentrated around the speed of light. Moreover its
root-mean-square (RMS(%)) is small. For downward-going
(Earth-skimming) events ⟨%⟩ is required to be below 0.313
mns−1 (⟨%⟩ ∈ [0.29, 0.31]mns−1) and RMS(%)/⟨%⟩ <0.08 (RMS(%) < 0.08mns−1). The values of these selection
requirements are based on comparisons between data and
MonteCarlo simulations. Also, and only for downward-going
events, a further quality cut is applied consisting on a simple
reconstruction of the zenith angle "rec and the requirement
that "rec > 75∘ (see [33] for full details).

In the top of Table 1 the cuts applied to the observables
used to select inclined events are summarized.

5.2. Selection of Young Showers. Once inclined showers are
selected, the next step is to identify young showers among the
data collected at the SD of the Pierre Auger Observatory.

To optimize the numerical values of the cuts and tune
the algorithms needed to separate neutrino-induced showers
from the much larger background of hadronic showers, we

divided the whole data sample into two parts (excluding
periods of array instability). A fraction of the data (train-
ing period) is dedicated to define the selection algorithm.
These data are assumed to be overwhelmingly constituted of
background showers. The applied procedure is conservative
because the presence of neutrinos would result in a more
severe definition of the selection criteria. The remaining
fraction is not used until the selection procedure is estab-
lished, and then it is “unblinded” to search for neutrino
candidates. In Table 2 we indicate the periods used for
training and “blind” search. The blind search period for the
Earth-skimming (downward-going) analysis corresponds to
an equivalent of ∼3.5 yr (∼2 yr) of a full surface detector array
consisting of 1600 stations working continuously without
interruptions.

It is worth remarking that data instead of Monte Carlo
simulations of hadronic showers are used to optimize the
identification cuts. The first reason for this is that, the com-
position of the primary UHECR flux—a necessary input in
the simulations—is not accurately known. Also, the detector
simulation may not account for all possible detector defects
and/or fluctuations that may induce events that constitute a
background to UHE neutrinos, while they are accounted for
in collected data, including those which are not well known,
or even not yet diagnosed.

This is the general strategy followed in the search for
Earth-skimming !% and downward-going !-induced show-
ers. However, the two searches differ in several aspects that
we detail in the following sections.

5.2.1. Earth-Skimming Analysis. In the Earth-skimming anal-
ysis we identify young showers by placing a cut on the
fraction of stations in the event that fulfill two conditions:(1) the station passes the ToT local trigger condition and(2) the ratio of the integrated signal over the peak height—
the so-called Area-over-Peak (AoP), a variable that carries
information on the time spread of the signal—is greater than
1.4. By convention, both the “area” and the “peak” values are
normalized to 1 in signals induced by isolated muons.

The aim of both conditions is to identify broad signals in
time such as those induced by showers developing close to
the array. In particular, with the second condition we reject
background signals induced by inclined hadronic showers,
in which the muons and their electromagnetic products are
concentrated within a short time interval, exhibiting AoP
values close to the onemeasured in signals of isolatedmuons.

In order to reject inclined hadronic events, at least 60%
of the triggered stations in the event are required to fulfill the
two conditions above (Table 1).The selection conditions were
optimized using data collected during the training period
indicated in Table 2. It is important to remark that this is the
same selection procedure and training period as in previous
publications [31, 32], which is applied in this work to a larger
data set. The final choice of the actual values of the neutrino
selection cuts was done by requiring zero background events
in the training data sample. When the Earth-skimming cuts
in Table 1 are applied blindly to the data collected during the
search period, no events survived.

W
L

Parameters: L/W, <v>, RMS(v)

methodology is not applied to the data prior to 31 May
2010 since that data period was already unblinded to search
for UHE neutrinos under the older cuts [18].
Roughly ∼95% of the simulated inclined ντ events

producing τ leptons above the energy threshold of the
SD are kept after the cut on hAoPi. The search for neutrinos
is clearly not limited by background in this channel.

C. Downward-going (DG) neutrinos

In the high zenith angle range of the downward-going
analysis (DGH) the values of the cuts to select inclined
events are obtained in Monte Carlo simulations of events
with θ > 75°. Due to the larger angular range compared to
Earth-skimming ντ, less stringent criteria are applied, namely
L=W > 3, hVi < 0.313 mns−1, rmsðVÞ=hVi < 0.08 plus a
further requirement that the reconstructed zenith angle
θrec > 75° (see [19] and Table I for full details).
In the low zenith angle range (DGL) corresponding to

60° < θ < 75°, L=W, hVi and rmsðVÞ=hVi are less effi-
cient in selecting inclined events than the reconstructed
zenith angle θrec, and for this reason only a cut on θrec is
applied, namely 58.5° < θrec < 76.5°, which includes some
allowance to account for the resolution in the angular
reconstruction of the simulated neutrino events.
After the inclined shower selection is performed, the

discrimination power is optimized with the aid of the
multivariate Fisher discriminant method [20]. A linear
combination of observables is constructed which optimizes
the separation between background hadronic inclined
showers occurring during the downward-going training
period, and Monte Carlo simulated ν-induced showers. The
method requires as input a set of observables. For that
purpose we use variables depending on the dimensionless
Area-over-Peak (AoP) observable—as defined above—of
the FADC traces.

In the DGH channel, due to the inclination of the shower
the electromagnetic component is less attenuated at the
locations of the stations that are first hit by a deep inclined
shower (early stations) than in the stations that are hit last
(late stations). From Monte Carlo simulations of ν-induced
showers with θ > 75° we have established that in the first
few early stations the typical AoP values range between 3
and 5, while AoP tends to be closer to 1 in the late stations.
Based on this simple observation and as already reported
in [19], we have found a good discrimination when the
following ten variables are used to construct the linear
Fisher discriminant variable F : the AoP and ðAoPÞ2 of the
four stations that trigger first in each event, the product of
the four AoPs, and a global parameter that measures the
asymmetry between the average AoP of the early stations
and those triggering last in the event (see [19] for further
details and Table I).
The selection of neutrino candidates in the zenith angle

range 60° < θ < 75° (DGL) is more challenging since the
electromagnetic component of background hadronic show-
ers at ground increases as the zenith angle decreases
because the shower crosses less atmosphere before reach-
ing the detector level. Out of all triggered stations of an
event in this angular range, the ones closest to the shower
core exhibit the highest discrimination power in terms of
AoP. In fact it has been observed in Monte Carlo simu-
lations that the first triggered stations can still contain some
electromagnetic component for background events and, for
this reason, it is not desirable to use them for discrimination
purposes. The last ones, even if they are triggered only by
muons from a background hadronic shower, can exhibit
large values of AoP because they are far from the core
where muons are known to arrive with a larger spread in
time. Based on the information from Monte Carlo simu-
lations, the variables used in the Fisher discriminant

TABLE I. Observables and numerical values of cuts applied to select inclined and young showers for Earth-skimming and downward-
going neutrinos. See text for explanation.

Selection Earth-skimming (ES)
Downward-going
high angle (DGH)

Downward-going
low angle (DGL)

Flavours and interactions ντ CC νe; νμ; ντ CC & NC νe; νμ; ντ CC & NC
Angular range θ > 90° θ ∈ ð75°; 90°Þ θ ∈ ð60°; 75°Þ
N° of stations (Nst) Nst ≥ 3 Nst ≥ 4 Nst ≥ 4

Inclined showers

θrec > 75° θrec ∈ ð58.5°; 76.5°Þ
L=W > 5 L=W > 3

hVi ∈ ð0.29; 0.31Þ mns−1 hVi < 0.313 mns−1
rmsðVÞ < 0.08 mns−1 rmsðVÞ=hVi < 0.08

Young showers

Data: 1 January 2004–31 May 2010
≥ 60% of stations with

ToT trigger and AoP > 1.4 Fisher discriminant based
on AoP of early stations

≥ 75% of stations close to
shower core with ToT trigger

and
Fisher discriminant based
on AoP of early stations
close to shower core

Data: 1 June 2010–20 June 2013
hAoPi > 1.83

AoPmin > 1.4 if Nst ¼ 3

IMPROVED LIMIT TO THE DIFFUSE FLUX OF … PHYSICAL REVIEW D 91, 092008 (2015)

092008-7
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ν Identification: Earth Skimming

13 HE Neutrinos and UHECR - The way forward: Weizmann Institute, Jan. 2-15, 2017 

AoP: Area over peak

~ 90% of ν-events selected

⟨AoP⟩ > 1.83

Note: ν-searches not limited by background!
(cut set to 1 background event per 50 yrs)
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ν Identification: Down Going (75°-90°)
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~ 90% of ν-events 
   selected

⟨AoP⟩ of stations along with other
observables constructed from AoP 
combined in a Fisher linear discriminant

again: allow 1 background event per 50 yrs
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•  All+decays+included++
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4. OFFLINE 

1. ντ PROPAGATION 

2. TAUOLA 

3. AIRES 

Karl-Heinz Kampert - Univ. Wuppertal

Exposure: Earth Skimming ντ 
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ply to get rid of the larger background nucleonic showers482

in the zenith angle bin 60� < ✓ < 75�.483

The relative contributions of the three channels to484

the total expected event rate for a di↵erential flux485

behaving with energy as dN⌫(E⌫)/dE⌫ / E�2
⌫ are486

ES:DGH:DGL⇠0.84:0.14:0.02 respectively, where the487

event rate is obtained as:488

Nevt =

Z

E⌫

dN⌫

dE⌫
(E⌫) Etot(E⌫) dE⌫ (1)489

C. Systematic uncertainties490

Several sources of systematic uncertainty have been491

considered. Some of them are directly related to the492

Monte Carlo simulation of the showers, i.e., generator493

of the neutrino interaction either in the Earth or in the494

atmosphere, parton distribution function, air shower de-495

velopment, and hadronic model.496

Other uncertainties have to do with the limitations on497

the theoretical models needed to obtain the interaction498

cross-section or the ⌧ energy loss at high energies. In the499

Earth-skimming analysis the model of energy loss for the500

⌧ is the dominant source of uncertainty, since it deter-501

mines the energy of the emerging ⌧s after propagation502

in the Earth; the impact of this on the downward-going503

analysis is much smaller since ⌧ energy losses are only504

relevant for ⌫⌧ interacting in the mountains, a channel505

that is estimated to contribute only ⇠ 15% to the total506

exposure.507

The uncertainty on the shower simulation, that stems508

mainly from the di↵erent shower propagation codes and509

hadronic interaction models that can be used to model510

the high energy collisions in the shower, contributes sig-511

nificantly in the ES and DG channels.512

The presence of mountains around the Observatory –513

which would increase the target for neutrino interactions514

in both cases – is explicitly simulated and accounted for515

when obtaining the exposure of the SD to downward-516

going neutrino-induced showers, and as a consequence517

does not contribute directly to the systematic uncertain-518

ties. However, it is not accounted for in the Earth-519

skimming channel and instead we take the topography520

around the Observatory as a source of systematic uncer-521

tainty.522

In the three channels the procedure to incorporate the523

systematic uncertainties is the same. Di↵erent combi-524

nations of the various sources of systematic uncertainty525

render di↵erent values of the exposure and a systematic526

uncertainty band of relative deviation from a reference527

exposure (see below) can be constructed for each chan-528

nel and for each source of systematic uncertainty. For529

a given source of uncertainty the edges of the ES, DGH530

and DGL bands are weighted by the relative importance531

of each channel as given before and added linearly or532

quadratically depending on the source of uncertainty. In533

Table II we give the dominant sources of systematic un-534

certainty and their corresponding combined uncertainty535

Source of systematic Combined uncertainty band

Simulations ⇠ +4%, -3%

⌫ cross section & ⌧ E-loss ⇠ +34%, -28%

Topography ⇠ +15%, 0%

Total ⇠ +37%, -28%

Table II. Main sources of systematic uncertainties and their
corresponding combined uncertainty bands (see text for de-
tails) representing the e↵ect on the event rate defined in
Eq. (1). The uncertainty due to “Simulations” includes: inter-
action generator, shower simulation, hadronic model, thinning
and detector simulator. The uncertainty due to “⌧ energy-
loss” does not a↵ect the DGL channel and only a↵ects the
DGH ⌫⌧ with ✓ & 88� going through the mountains surround-
ing the Pierre Auger Observatory. The uncertainty due to
“Topography” only a↵ects the ES channel.

bands obtained in this way. The combined uncertainty536

band is then incorporated in the value of the limit itself537

through a semi-Bayesian extension [21] of the Feldman-538

Cousins approach [22].539

In the calculation of the reference exposure the ⌫-540

nucleon interaction in the atmosphere for DG neutrinos541

(including CC and NC channels) is simulated with HER-542

WIG [23]. In the case of ⌫⌧ CC interactions, a dedicated,543

fast and flexible code is used to simulate the ⌧ lepton544

propagation in the Earth and/or in the atmosphere. The545

⌧ decay is performed with the TAUOLA package [24]. In546

all cases we adopted the ⌫-nucleon cross-section in [25].547

In a second step, the AIRES code [26] is used to simulate548

the propagation of the particles produced in the high en-549

ergy ⌫ interaction or in the ⌧ lepton decay. The types,550

energies, momenta and times of the particles reaching the551

SD level are obtained. The last stage is the simulation of552

the SD response (PMT signals and FADC traces). This553

involves a modification of the “standard” sampling pro-554

cedure in [27] to regenerate particles in the SD stations555

from the “thinned” air shower simulation output, that556

was tailored to the highly inclined showers involved in557

the search for neutrinos. Light production and propa-558

gation inside the station is based on GEANT4 [28] with559

the modifications to account for the evolution of the light560

decay time explained above. These two latter changes561

roughly compensate each other, with the net result be-562

ing a few percent decrease of the exposure with respect563

to that obtained with the standard thinning procedure564

and a constant average value of the light decay time.565

IV. RESULTS566

Using the combined exposure in Fig. 3 and assuming a567

di↵erential neutrino flux dN(E⌫)/dE⌫ = k · E�2
⌫ as well568

as a ⌫e : ⌫µ : ⌫⌧ = 1 : 1 : 1 flavour ratio, an upper limit569

on the value of k can be obtained as:570

k =
NupR

E⌫
E�2

⌫ Etot(E⌫) dE⌫
. (2)571

Earth-Skimming ντ 
dominates exposure
(loss at higher energies due to
τ decays high in the atmosphere) 

ES

DGH DGL

Relative contribution to 
expected event rate:

Earth Skimming: ~84%
Down Going (75°-90°)∶ ~ 14%
Down Going (60°-75°)∶ ~ 2%
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Auger Collaboration, PRD 91, 092008 (2015)
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Auger Collaboration, PRD 91, 092008 (2015)

Neutrino upper limits start to constrain
cosmogenic neutrino fluxes of p-sources

(2015)  

Would have expected to see 1-7 GZK neutrinos (for different models), have seen none
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Auger Collaboration, PRD 91, 092008 (2015)

Cosmogenic Neutrino Models with mixed/heavy
primaries still below present upper limits

(2015)  
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Figure 3. Best-fit UHECR spectra for 3D scan (solid curve) and 2D scans
(dashed/dotted curves), superimposed on the TA 7-year data (Jui 2015;
Ivanov, D. et al. [Telescope Array Collaboration] 2015). The energy scale
of the data points is fixed, while that of the models is for each one shifted by
the best-fit value of �E .

Figure 4. All-flavor flux of cosmogenic neutrinos predicted by the 3D fit to
the TA 7-year UHECR spectrum reported in Section 3. The IceCube upper
limit is from Ishihara (2015).

Table 1
Expected number of cosmogenic neutrino events after 6 years in IceCube,
corresponding to the 7-year UHECR TA best-fit, and to the minimal fluxes

within the 68.3%, 95.4%, 99.7% C.L.

⌫ events
Best fit 180.6
68.3% C.L. min flux 62.7
95.4% C.L. min flux 12.4
99.7% C.L. min flux, TA fit min 4.9

Berezinsky et al. (2011) for discussion. Since the production
of ⇡0 and ⇡± are closely correlated, so are the injections into
electromagnetic cascades and cosmogenic neutrinos. There-
fore, the diffuse gamma-ray data can help constrain the max-
imal allowed neutrino flux and the corresponding parameter
space. Parameter sets leading to low neutrino flux are typi-
cally not affected by the Fermi bound. While we do not take
the gamma-ray constraint into account explicitly in this work,
we note that, since we are interested in the minimal allowed
neutrino flux, we do not expect our conclusions to be sig-
nificantly affected if this additional constraint were imposed.
However, the fit regions in Fig. 2 may be significantly reduced
where large neutrino fluxes are produced.

5. SUMMARY AND CONCLUSIONS

The features of the UHECR energy spectrum are known
to high precision, but their origin remains a mystery. The
unprecedented sensitivity to the predicted flux of cosmogenic
neutrinos can be used as a tool to solve the mystery.

In this work, we have tested the cosmic ray proton dip
model, in which UHECRs above 109 are mainly protons of
extragalactic origin. We have used the UHECR spectrum
recently reported by the Telescope Array using 7 years of
data (Jui 2015; Ivanov, D. et al. [Telescope Array Collabo-
ration] 2015) and the recent upper limit on cosmogenic neu-
trinos reported by IceCube (Ishihara, A. et al. [IceCube Col-
laboration] 2015; Ishihara 2015).

We have performed a 3D parameter space scan in terms of
spectral injection index, maximal proton energy, and source
redshift evolution. The fit to TA data has qualitatively differ-
ent features compared to 2D scans previously performed in
the literature, due to multi-parameter correlations. An inter-
pretation of the data in terms of hard spectra, strong source
evolution, and low maximal proton energy is slightly favored
over the conventional GZK cutoff scenario – at the expense of
a large systematic shift of the energy scale.

We have also computed the associated cosmogenic neutrino
fluxes in the 3D scan. We have identified the minimal allowed
neutrino flux (“TA fit min”), corresponding to the 99.7% C.L.
region allowed by the fit to cosmic ray data. It is in tension
with the IceCube upper limit at more than 95% C.L.

As a result, the conventional proton dip model is challenged
for any possible parameter combination of the 3D scan. Our
result is a test of the proton dip model completely independent
from composition data.

We have also shown the robustness of our results with dif-
ferent sets of assumptions. The only possible caveat is an
injection cutoff at z & 1, which leads to lower neutrino fluxes
but hardly affects UHECRs. The corresponding minimal neu-
trino flux would require about five times more statistics for
detection, which should be within reach of the volume up-
grade IceCube-Gen2 (Aartsen et al. 2014a). Detection of this
flux –though challenging– in combination with verification of
proton composition at the highest energies would be a unique
test of cosmic-ray injection beyond the local universe.

Our result implies that the dip in the cosmic ray spectrum
cannot come from pair production in a pure proton model.
An obvious interpretation is that the composition of cosmic
rays is heavier than protons at the highest energies, which the
Auger composition measurements indicate (Porcelli, A. et al.
[Pierre Auger Collaboration] 2015). Alternatively, the tran-
sition to a flux dominated by extragalactic cosmic rays could
occur at a higher energy than the ankle, while the highest ener-
gies are still proton-dominated. Because few events have been

expected ν-fluxes if flux 
suppression of TA is 
due to GZK-effect

preliminary exclusion 
limits from IceCube

J. Heinze et al., ApJ 2016

Pure proton with GZK suppression challenged by 
upper limits to neutrino fluxes
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run into 2013
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⇒ if no ν are observed,
 limits will go down by  
    factor ~ 2.5-3.5

⇒ rule out high flux models

Moreover: exploit new trigger  
for better sensitivity at lower 
energies

… and use data of infill array (low exposure, however)

… a next generation CR-Observatory would reach down to 
   Fe/mixed composition scenarios
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Energy estimate of a ν candidate: 
• Only the energy of the ν-induced shower (Eshower) can be reconstructed
• ν flavour cannot be determined & Eshower depends on flavour
• At best a lower bound to Eν, because Eν > Eshower

• ν can interact anywhere in atmosphere:  
Eshower determination should include shower age

• No algorithm including age exists so far

Angular reconstruction of quasi-horizontal events: 
• Not optimised for deeply penetrating & very inclined showers (> 80°) 

Angular resolution ~ 1-2°
• Identification of up-going shower would indicate tau neutrino primary

Conservative statement:  
Auger = discovery experiment (a “counter” of UHE neutrinos)

What, if we observe a Neutrino?




