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Charged Cosmic Rays – The Basics

State-of-the-art: FD
Energy, direction & particle type
Xmax using fluorescence light 
s(Xmax) = 20 g/cm2

# particles

Energy & direction
100% duty cycleOnly in dark nights

10% duty cycle

Xmax

“Invisible Energy”

The FD measures the “visible” energy, ie
energy converted in EM particles in the 
atmosphere.
The “invisible” energy is estimated from
simulations

Particle type: Xmax = proportional to ln(A)
The fluctuations in Xmax provide an 
additional handle 
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Muons in the tail of the shower

Auger Upgrade – Radio Detection

Shower energy (EM particles)
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Charged Cosmic Rays – the Energy Spectrum

The energy spectrum is not 
simple! 
More data required an 
elaborate description of the 
end of the spectrum.

PoS(ICRC2019)450

The Pierre Auger energy spectrum Valerio Verzi

bining the five measurements is shown in the right panel of figure 5. The combined spectrum is191

obtained through shifting by +5% and �9% the normalisations of the 1500 m q>60� and the hy-192

brid spectra, respectively, and by �1% those both the 750 m and Cherenkov spectra, while the shift193

for the 1500 m q<60� spectrum is negligible. A fit to the data is performed using an extension of194

the function (2.3) that includes the smooth change of the spectral index around 1017 eV195
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The fitted functional form is shown with a black line superimposed to the data. The fitted param-196

eters are: E01 = (0.15±0.02)⇥ 1018 eV, E12 = (6.2±0.9)⇥ 1018 eV, E23 = (12±2)⇥ 1018 eV,197

E34 = (50±7)⇥ 1018 eV, g0 = 2.92± 0.05, g1 = 3.27± 0.05, g2 = 2.2± 0.2, g3 = 3.2± 0.1 and198

g4 = 5.4±0.6, where the errors include the statistical and systematic uncertainties. The data show199

with high significance two inflection points commonly called the second-knee and the ankle, an in-200

dication of a further point of inflection as already addressed in section 2, and the abrupt suppression201

at the highest energies.202
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Charged Cosmic Rays – The Composition
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Charged Cosmic Rays – The Composition
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Charged Cosmic Rays – The Composition

Phys. Lett. B762,288(2016)

Note that in 2016 evidence was published that the composition is mixed  in the range 18.5<lg(E)<19.0. This is 
evidence in which the  muon content of showers is used.
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Charged Cosmic Rays – Muon Deficit
center-of-mass reference frame of the UHECR and air
nucleon, far above the LHC energy scale.
Figure 2 shows the ratio of Sð1000Þ, the ground signal

size at 1000 m from the shower core [2], for the events in
our sample relative to that predicted for simulated events
with matching zenith angle, depth-of-shower-maximum
(Xmax) and calorimetric FD energy, for QGSJet-II-04 [3]
and EPOS-LHC [5]. For each HEG, the analysis is done
using the composition mix which reproduces the observed
Xmax distribution [8,9]; we also show the result for pure
protons for comparison. The discrepancy between a mea-
sured and simulated Sð1000Þ evident in Fig. 2 is striking, at
all angles and for both HEGs, and for both the mixed
composition and pure proton cases.
The zenith angle dependence of the discrepancy is the

key to allowing RE and Rhad to be separated. As seen in
Fig. 3, the ground signal from the hadronic component is
roughly independent of zenith angle, whereas that of the
EM component falls with secðθÞ, so that to reproduce the
rise seen in Fig. 2, the hadronic component must be

increased with little or no modification of the EM compo-
nent. This will be quantified below.
The analysis relies on there being no significant zenith-

angle-dependent bias in the determination of the SD and
FD signals. The accuracy of the detector simulations as a
function of zenith angle in the 0°–60° range of the study
here, and hence the absence of a zenith-angle-dependent
bias in the SD reconstruction, has been extensively vali-
dated with muon test data [16]. The absence of zenith-angle
dependence in the normalization of the FD signal follows
from the zenith-angle independence of EFD=ESD of indi-
vidual hybrid events.
Production of simulated events.—The first step of the

analysis is to generate a set of Monte Carlo (MC) events, to
find simulated events matching the LPs of the data events.
The MC air-shower simulations are performed using the
SENECA simulation code [17], with FLUKA [19] as the low-
energy HEG. Simulation of the surface detector response is
performed with GEANT4 [20] within the software frame-
work Offline [21] of the Auger Observatory. We produce
showers matching each data event, with both HEGs and for

 10

 20

 30

 200  400  600  800  1000  1200

dE
/d

X
 [P

eV
/(

g/
cm

2  )
]

Depth [g/cm2]

Energy: (13.8 +_ 0.7) EeV

Zenith: ( 56.5 +_ 0.2 o)

XMax: (752 +_ 9) g/cm2
2/dof (p) = 1.19

2/dof (Fe) = 1.21

Proton Sim
Iron Sim

Data

100

101

102

 500  1000  1500  2000

S
 [V

E
M

]

Radius [m]

Proton Sim
Iron Sim

Data

FIG. 1. Top: The measured longitudinal profile of an illustrative
air shower with its matching simulated showers, using QGSJet-II-
04 for proton (red solid) and iron (blue dashed) primaries.
Bottom: The observed and simulated ground signals for the
same event (p: red squares, dashed-line, Fe: blue triangles, dot-
dash line) in units of vertical equivalent muons; curves are the
lateral distribution function (LDF) fit to the signal.

FIG. 2. The average ratio of Sð1000Þ for observed and
simulated events as a function of zenith angle, for mixed or
pure proton compositions.
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FIG. 3. The contributions of different components to the
average signal as a function of zenith angle, for stations at
1 km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJet-II-04.
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center-of-mass reference frame of the UHECR and air
nucleon, far above the LHC energy scale.
Figure 2 shows the ratio of Sð1000Þ, the ground signal

size at 1000 m from the shower core [2], for the events in
our sample relative to that predicted for simulated events
with matching zenith angle, depth-of-shower-maximum
(Xmax) and calorimetric FD energy, for QGSJet-II-04 [3]
and EPOS-LHC [5]. For each HEG, the analysis is done
using the composition mix which reproduces the observed
Xmax distribution [8,9]; we also show the result for pure
protons for comparison. The discrepancy between a mea-
sured and simulated Sð1000Þ evident in Fig. 2 is striking, at
all angles and for both HEGs, and for both the mixed
composition and pure proton cases.
The zenith angle dependence of the discrepancy is the

key to allowing RE and Rhad to be separated. As seen in
Fig. 3, the ground signal from the hadronic component is
roughly independent of zenith angle, whereas that of the
EM component falls with secðθÞ, so that to reproduce the
rise seen in Fig. 2, the hadronic component must be

increased with little or no modification of the EM compo-
nent. This will be quantified below.
The analysis relies on there being no significant zenith-

angle-dependent bias in the determination of the SD and
FD signals. The accuracy of the detector simulations as a
function of zenith angle in the 0°–60° range of the study
here, and hence the absence of a zenith-angle-dependent
bias in the SD reconstruction, has been extensively vali-
dated with muon test data [16]. The absence of zenith-angle
dependence in the normalization of the FD signal follows
from the zenith-angle independence of EFD=ESD of indi-
vidual hybrid events.
Production of simulated events.—The first step of the

analysis is to generate a set of Monte Carlo (MC) events, to
find simulated events matching the LPs of the data events.
The MC air-shower simulations are performed using the
SENECA simulation code [17], with FLUKA [19] as the low-
energy HEG. Simulation of the surface detector response is
performed with GEANT4 [20] within the software frame-
work Offline [21] of the Auger Observatory. We produce
showers matching each data event, with both HEGs and for
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FIG. 1. Top: The measured longitudinal profile of an illustrative
air shower with its matching simulated showers, using QGSJet-II-
04 for proton (red solid) and iron (blue dashed) primaries.
Bottom: The observed and simulated ground signals for the
same event (p: red squares, dashed-line, Fe: blue triangles, dot-
dash line) in units of vertical equivalent muons; curves are the
lateral distribution function (LDF) fit to the signal.

FIG. 2. The average ratio of Sð1000Þ for observed and
simulated events as a function of zenith angle, for mixed or
pure proton compositions.
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Charged Cosmic Rays – Muon Deficit

PRL 117, 192001 (2016)

center-of-mass reference frame of the UHECR and air
nucleon, far above the LHC energy scale.
Figure 2 shows the ratio of Sð1000Þ, the ground signal

size at 1000 m from the shower core [2], for the events in
our sample relative to that predicted for simulated events
with matching zenith angle, depth-of-shower-maximum
(Xmax) and calorimetric FD energy, for QGSJet-II-04 [3]
and EPOS-LHC [5]. For each HEG, the analysis is done
using the composition mix which reproduces the observed
Xmax distribution [8,9]; we also show the result for pure
protons for comparison. The discrepancy between a mea-
sured and simulated Sð1000Þ evident in Fig. 2 is striking, at
all angles and for both HEGs, and for both the mixed
composition and pure proton cases.
The zenith angle dependence of the discrepancy is the

key to allowing RE and Rhad to be separated. As seen in
Fig. 3, the ground signal from the hadronic component is
roughly independent of zenith angle, whereas that of the
EM component falls with secðθÞ, so that to reproduce the
rise seen in Fig. 2, the hadronic component must be

increased with little or no modification of the EM compo-
nent. This will be quantified below.
The analysis relies on there being no significant zenith-

angle-dependent bias in the determination of the SD and
FD signals. The accuracy of the detector simulations as a
function of zenith angle in the 0°–60° range of the study
here, and hence the absence of a zenith-angle-dependent
bias in the SD reconstruction, has been extensively vali-
dated with muon test data [16]. The absence of zenith-angle
dependence in the normalization of the FD signal follows
from the zenith-angle independence of EFD=ESD of indi-
vidual hybrid events.
Production of simulated events.—The first step of the

analysis is to generate a set of Monte Carlo (MC) events, to
find simulated events matching the LPs of the data events.
The MC air-shower simulations are performed using the
SENECA simulation code [17], with FLUKA [19] as the low-
energy HEG. Simulation of the surface detector response is
performed with GEANT4 [20] within the software frame-
work Offline [21] of the Auger Observatory. We produce
showers matching each data event, with both HEGs and for
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FIG. 1. Top: The measured longitudinal profile of an illustrative
air shower with its matching simulated showers, using QGSJet-II-
04 for proton (red solid) and iron (blue dashed) primaries.
Bottom: The observed and simulated ground signals for the
same event (p: red squares, dashed-line, Fe: blue triangles, dot-
dash line) in units of vertical equivalent muons; curves are the
lateral distribution function (LDF) fit to the signal.

FIG. 2. The average ratio of Sð1000Þ for observed and
simulated events as a function of zenith angle, for mixed or
pure proton compositions.

 0

 10

 20

 30

 40

 50

 1  1.2  1.4  1.6  1.8  2

S
 [V

E
M

]

sec(θ)

Total
Pure Muon

Pure EM
EM from µ Decay
EM from Had. Jet
µ from Photprod.

FIG. 3. The contributions of different components to the
average signal as a function of zenith angle, for stations at
1 km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJet-II-04.
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Figure 4 shows the one-sigma statistical uncertainty ellip-
ses in the RE − Rhad plane; the outer boundaries of
propagating the systematic errors are shown by the gray
rectangles.
The values of Rhad needed in the models are comparable

to the corresponding muon excess detected in highly
inclined air showers [7], as is expected because at high
zenith angle the nonhadronic contribution to the signal
(shown with red curves in Fig. 3) is much smaller than the
hadronic contribution. However, the two analyses are not
equivalent because a muon excess in an inclined air shower
is indistinguishable from an energy rescaling, whereas in
the present analysis the systematic uncertainty of the
overall energy calibration enters only as a higher-order
effect. Thus, the significance of the discrepancy between
data and model prediction is now more compelling,
growing from 1.38 (1.77) sigma to 2.1 (2.9) sigma,
respectively, for EPOS-LHC (QGSJet II-04), adding stat-
istical and systematic errors from Fig. 6 of Ref. [7] and
Table I, in quadrature.
The signal deficit is smallest (the best-fit Rhad is the

closest to unity) with EPOS-LHC and mixed composition.
This is because, for a given mass, the muon signal is ≈15%
larger for EPOS-LHC than QGSJet-II-04 [26], and in
addition the mean primary mass is larger when the
Xmax data are interpreted with EPOS rather than with
QGSJet-II [9].
Within the event ensemble used in this study, there is no

evidence of a larger event-to-event variance in the ground
signal for fixed Xmax than predicted by the current models.
This means that the muon shortfall cannot be attributed to
an exotic phenomenon producing a very large muon signal
in only a fraction of events, such as could be the case if
microscopic black holes were being produced at a much-
larger-than-expected rate [27,28].
Summary.—We have introduced a new method to study

hadronic interactions at ultrahigh energies, which

minimizes reliance on the absolute energy determination
and improves precision by exploiting the information in
individual hybrid events. We applied it to hybrid showers of
the Pierre Auger Observatory with energies 6–16 EeV
(ECM ¼ 110 to 170 TeV) and zenith angle 0°–60°, to
quantify the disparity between state-of-the-art hadronic
interaction modeling and observed UHECR atmospheric
air showers. We considered the simplest possible charac-
terization of the model discrepancies, namely, an overall
rescaling of the hadronic shower, Rhad, and we allow for a
possible overall energy calibration rescaling, RE.
No energy rescaling is needed: RE ¼ 1.00" 0.10 for the

mixed composition fit with EPOS-LHC, and RE ¼ 1.00"
0.14 for QGSJet II-04, adding systematic and statistical
errors in quadrature. This uncertainty on RE is of the same
order of magnitude as the 14% systematic uncertainty of
the energy calibration [14].
We find, however, that the observed hadronic signal in

these UHECR air showers is significantly larger than
predicted by models tuned to fit accelerator data. The best
case, EPOS-LHC with mixed composition, requires a
hadronic rescaling of Rhad ¼ 1.33" 0.16 (statistical and
systematic uncertainties combined in quadrature), while for
QGSJet II-04, Rhad ¼ 1.61" 0.21. It is not yet known
whether this discrepancy can be explained by some
incorrectly modeled features of hadron collisions, possibly
even at low energy, or may be indicative of the onset of
some new phenomenon in hadronic interactions at ultra-
high energy. Proposals of the first type include a higher
level of production of baryons [26] or vector mesons [29]
(see Ref. [30] for a recent review of the many constraints to
be satisfied), while proposals for possible new physics are
discussed in Refs. [28,31,32].
The discrepancy between models and nature can be

elucidated by extending the present analysis to the entire
hybrid data set above 1018.5 eV, to determine the energy
dependence of RE and Rhad. In addition, the event-by-event
analysis introduced here can be generalized to include other
observables with complementary sensitivity to hadronic
physics and composition, e.g., muon production depth [33],
risetime [34], and slope of the LDF.
AugerPrime, the anticipated upgrade of the Pierre Auger

Observatory [35], will significantly improve our ability to
investigate hadronic interactions at ultrahigh energies, by
separately measuring the muon and EM components of the
ground signal.

The successful installation, commissioning, and oper-
ation of the Pierre Auger Observatory would not have been
possible without the strong commitment and effort from the
technical and administrative staff in Malargüe.
We are very grateful to the following agencies and

organizations for financial support: Comisión Nacional
de Energía Atómica, Agencia Nacional de Promoción
Científica y Tecnológica (ANPCyT), Consejo Nacional
de Investigaciones Científicas y Técnicas (CONICET),
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Charged Cosmic Rays – Muon Deficit

PoS(ICRC2019),214(2019)

PoS(ICRC2019)214

WHISP: Working group in Hadronic Interactions and Shower Physics Lorenzo Cazon

Figure 2: Muon density measurements converted to the z-scale for each hadronic interaction model. When
corresponding simulations are missing for an experiment, no points are shown. Error bars show statisti-
cal and systematic uncertainties added in quadrature (systematic uncertainties are dominant in nearly all
measurements).

Figure 3: Data from Figure 2 after applying the energy-scale cross-calibration. The points for KASCADE-
Grande and EAS-MSU were not cross-calibrated in this report and are included for comparison. Shown for
comparison are z-values expected for a mixed composition from optical measurements (band) based on [1],
and from the GSF model (dashed line) [22].
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shower axis, and energy threshold Eµ,min of the detectors for muons. The parameter space covered
by each experiment is shown in Figure 1. A direct comparison of the muon measurements is not
possible, due to the very different conditions and techniques which were used. Instead, we com-
pare each experiment to air shower simulations in the same observation conditions by means of a
data/MC ratio.

According to the type of shower energy and muon density reconstruction, we can classify the
experiments into three groups:

Shower energy and muon density The Pierre Auger Observatory (including its muon detector
AMIGA), Telescope Array, and the Yakutsk experiment are all capable of measuring the
shower energy, Ecal, using Cherenkov or fluorescence light, which can be converted into the
primary energy, E, with little model dependence. These experiments come close to measur-
ing the primary cosmic-ray energy, E, independently of the muon density at the ground.

The IceCube Neutrino Observatory can also be classified under this category, although it does
not observe the air shower optically. It can measure the shower energy with low model de-
pendence thanks the detector being close to the average depth of the shower maximum [20].

Muon and electron density KASCADE-Grande and EAS-MSU measure signals from electrons
and muons separately. These experiments compute the data/MC ratio for showers in the same
electron-density interval, which can contain different primary energies, compensated by the
attenuation produced by differences in the depth of the shower maximum.

Muon density only NEVOD-DECOR and SUGAR are pure muon detectors, without a separate
energy estimator. The flux of showers is measured in intervals of muon density, which is
then compared with a simulated flux, computed from an external model. NEVOD-DECOR
uses an average cosmic-ray flux computed from multiple experiments, while SUGAR uses
the flux measured by the Pierre Auger Observatory.

While most of the shower parameters can be easily matched in simulation and experiment, the
cosmic-ray energy, E, is difficult to match. The number of muons scales as Nµ µ A1�b Eb , with
b ' 0.9 [18]. This could cause two experiments with an energy-scale offset of 20 % to have a 18 %
additional offset in the data/MC ratios. If we take the cosmic ray flux as a universal reference, and
assuming that all deviations in measured fluxes between different experiments arise from energy-
scale offsets, a relative energy-scale ratio Edata/Eref can be found for each experiment so that the
all-particle fluxes overlap. This approach is well-known and has been applied successfully in other
work [21, 22].

The cross-calibration factors used in this report are given in Table 1, and are summarized in
[6]. We assume that the resulting overall energy-scale has an uncertainty of at least 10 %.

2.1 Combined measurements

To compare all the measurements, we introduce the z-scale

z =
ln(Nµ

det)� ln(Nµ
det
p )

ln(Nµ
det
Fe )� ln(Nµ

det
p )

, (2.1)

3
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generation models with most cross-calibrated data points in this study. Subtracting zmass is expected
to remove the effect of the changing mass composition. An energy-dependent trend in Dz remains.

2.2 Energy-dependent trend

Figure 4: Dz = z� zmass for EPOS-LHC and QSGJet-II.04. The function Dzfit = a+ b log10(E/1016eV)
was fitted assuming a correlation coefficient a = 0.5 within each data-set, resulting in b = 0.34± 0.04 for
EPOS-LHC and b = 0.30± 0.03 for QGSJetII.04. The inset shows the average residual per data set with
respect to the fitted line, Dz�Dzfit, as a function of the minimum energy of muons at the production point
high in the atmosphere, Eµ prod . (See text for explanations).

To quantify the observed trend in Dz as a function of energy, the function

Dzfit = a+b log10(E/1016eV), (2.2)

is fitted to the data shown in Figure 4, with free parameters a and b. The uncertainty of b scales
with the uncertainties of the data. The error bars of most data points are dominated by systematic
uncertainties, which are correlated for data points from a single set. The exact amount of correlation
is not known. We work around this problem by repeatedly fitting the data under different correlation
assumptions. We use the least-squares method assuming a correlation factor a between points
belonging to the same data set and 0 otherwise. The fit was repeated for values of a from 0 to 0.95.
To adjust for over- or underestimated uncertainties in the input, the raw result was rescaled with
the c2 value and the degrees of freedom ndof of the fit, sb = s raw

b

p
c2/ndof [23]. For EPOS-LHC

the slope ranges from b = 0.29±0.04 up to b = 0.35±0.04 for a = 0 and a = 0.95 respectively.
For QGSJet-II.04, it ranges from b = 0.22± 0.03 up to b = 0.31± 0.04 for a = 0 and a = 0.95
respectively. In both cases, the significance is always larger than 8-sigma.

As previously mentioned, each experiment has a shielding material DXdet above the actual
detector volume, which effectively translates into an energy threshold for muons Eµmin(q) =
dEµ
dX DXdet sec(q) = Eµmin sec(q) due to energy loss dEµ

dX ' 2 MeV / g cm�2, above the detector.
Energy losses in the atmophere are also taken into account. Most of the muons are produced ap-
proximately at the maximum of the muon production depth distribution, around2 ⇠ 400 g cm�2.

2In [24], the observed value is ⇠ 475 g cm�2 above 2⇥1019 eV. The elongation rate for proton and iron simulations

6

Different experiments, very different methods and a very consistent picture.
Deviations start at an energy of about 1016 eV 

Slope = 0.34±0.04 Slope = 0.30±0.03
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Charged Cosmic Rays – Muon Deficit

Phys. Rev. D. 100,082003(2019)

Another way to look at the muon deficit is a look at the amount of invisible energy. Auger uses a data driven 
approach, which depends on the number of muons, to estimate this

5/15/20 12



Neutrinos - Auger
“normal” inclined shower:
only muons left

neutrino-induced shower:
young EM component
(broad signals in tanks)

tau decay from Earth-skimming ντ:
dense target, but only one flavor
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Diffuse Neutrinos - Auger

JCAP 10,022(2019)

Note: Auger is mostly sensitive to Tau-neutrinos
Expected number of neutrinos depends on the CR composition 

5/15/20 14



Point Source Neutrinos - Auger

JCAP 11,004(2019)

Note that there is a big difference between transient sources (you have to be very lucky to be visible) and
continuous sources
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Point Source Neutrinos - Auger

JCAP 11,004(2019)

Limits on steady sources, example: CEN-A including the IceCube and ANTARES limits

5/15/20 16



Point Source Neutrinos - Auger

Examples of transient sources: Follow up on GW events and Blazar TXS 0506-056. In no case were UHE neutrinos 

observed.

PoS(ICRC2019),415(2019)
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Neutrinos - GRAND
Focus: Tau neutrinos

Similar to Auger, also sensitivity to other neutrino
types

We will measure the energy of the air shower 
induced by the Tau lepton (to be more precise: the 
EM part thereof)

Difference with Auger:
Auger infers this energy from the particle footprint 
of the shower. The addition of Auger RD improves 
this situation drastically. 
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Neutrinos - GRAND

GRAND is not going to be there 
tomorrow.

There is an aggressive timeline in 
which GRAND is completed in 
about 15 years.

However: Physics (CR and 
neutrino) will start in initial 
stages already. 
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Neutrinos - GRAND

Auger 90% integrated 
diffuse neutrino limit

GRAND 90% integrated 
diffuse neutrino limit 
after 10 years running 

Sci.China Phys.Mech.Astron. 63 (2020) 5/15/20 20



Point Source Neutrinos - GRAND
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Auger

GRAND

The additional sensitivity can greatly help for 
individual transient events,  eg TXS 0506+056

Similar for stacking analyses of GW events
(certainly in combination with ET and/or CE)

Sci.China Phys.Mech.Astron. 63 (2020) 5/15/20 21



Fundamental neutrino properties

ArXiv 1903.04333Astro 2020 white paper

The GRAND design is taking these 
requirements into account
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BSM Searches with Neutrinos

ArXiv 1907.08690

There are nice compilations of 
different BSM effects, however 
we could use guidance into 
what observables we need to 
construct in order to perform 
meaningful tests.
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GRAND Fundamental Parameters

• Angular Resolution <0.05 degrees
• XMAX 20-40 g/cm2

• Shower Energy ~15%
• Neutrinos sensitivity 4 10-10 GeV cm-2 s-1 sr-1

• Fully efficient for UHECR and gamma rays above 1010 GeV for zenith 
angles beyond 65o

• What aspect to improve would be worth investing in from a 
theoretical perspective?
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Wish list from an experimentalist point of
view
• Theoretical understanding of the muon deficit. 

• What parameters could help theoretical understanding of this phenomenon?
• MC neutrino interaction cross section

• What is included (eg coherent neutrino-nucleus interaction)
• What about new physics effects and how to observe this?

• Neutrino mixing at the highest energies
• Sensitivity to BSM, LIV

• Possible effects of LIV in different models of space-time
• Dark matter

• Heavy dark matter annihilation
• Neutrino-Dark matter interactions in halo galaxy/ other galaxies 

• UHE gamma rays
• Not discussed at all, but extremely interesting physics (LPM effect, ..)
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