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What is Astroparticle physics?

✧ Particle Physics
✧ Study the properties 

of matter and 
interactions
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What is Astroparticle physics?

✧ Particle Physics
✧ Study the properties 

of matter and 
interactions

✧ Astrophysics / 
Cosmology
✧ Study Universe’s 

evolution and 
surrounding 
astrophysical objects
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Astroparticle physics

Understand the dynamics of our Universe through the radiation/particles 
collected at Earth
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Cosmic ray energy spectrum

(Charged particles continuously bombarding Earth)
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Cosmic ray energy spectrum

Rapidly falling energy spectrum
Different sources according to the energy

?

7ruben@lip.pt



GZK effect
A practical example of how astroparticle physics works…
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An example: GZK effect

✧Discovery of the Δ
baryon in accelerator 
measurements

✧Discovery of the 
cosmic microwave 
background
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GZK effect

✧ GZK cuttoff
✧ Greisen, Zatsepin, 

Kuz'min (1966) 
✧ Cosmic ray interaction 

with CMB 
✧ Energy loss process

✧ Prediction: CR energy 
spectrum should have a 
cutoff around E ~ 1020 eV

Energy spectrum  

Ankle 

GZK like 
suppression !!! 
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UHECR energy spectrum

(Suppression could still be due to the source exhaustion)

Cutoff

Pierre	Auger	Collaboration
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Neutrino oscillations
Yet another, more recent, example...
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Solar Neutrinos

✧ Standard Solar Model
✧ Built upon our 

knowledge over:
✧ Solar dynamics
✧ Interaction cross-sections

✧ It was noted since the 
60’s that the prediction 
of the flux of solar 
neutrino exceeded the 
observations 
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Neutrino oscillation

✧ Neutrino oscillation was found while trying to solve the Solar
neutrino problem

✧ Nobel prize 2015 (A. MacDonald [SNO] ; T. Kajita [Super-
Kamiokande])
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Astroparticle physics allows to test 
our Universe combining particle 

physics with astrophysics

What are our probes?
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Messengers from the Universe

Photons

(visible light)
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Messengers from the Universe

Photons

(visible light)
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Messengers from the Universe
Photons (other wavelengths)

Multi-wavelength astronomy
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Photons
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Photons

Charged 
cosmic rays
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Photons

Charged 
cosmic rays

Neutrinos
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Photons

Charged 
cosmic rays

Neutrinos

Gravitational 
waves
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Multi-messenger approach

Photons

Charged 
cosmic rays

Neutrinos

Gravitational 
waves

Test the dynamics of our cosmos
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z<x´´´

p

γ
ν

protons	are	deflected	by	the	galactic	
magnetic	fields

gammas	travel	in	straight	lines	but	can	be	
absorbed	 in	the	way

neutrinos	 travel	in	straight	lines	but	are	
very	difficult	 to	detect

Complementarity
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Examples of astroparticle
experiments

Photons

Charged 
cosmic rays

Neutrinos

Gravitational 
waves
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In this talk…

✧ (Very) high-energy gamma-rays
✧ Probe some of the most violent astrophysical 

phenomena
✧ SuperNovae (SN) & SuperNovae Remnants (SNR)
✧ Gamma-ray bursts (GRB)

✧ Ultra high-energy cosmic rays
✧ Universe greatest accelerators

✧ Nature and origin still a mystery
✧ Opportunity to do particle physics above the 

human-made accelerator energies
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Very High-Energy 
Gamma-rays
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(Very) High Energy Gamma Rays
✧Astrophysical gamma rays

✧Energy region of interest from GeVs to hundreds TeVs



(Very) High Energy Gamma Rays
✧Astrophysical gamma rays

✧Energy region of interest from GeVs to hundreds TeVs
✧Scientific interest:

✧Key to understand the acceleration mechanism of 
cosmic rays in our galaxy

✧Violent astrophysical phenomena: pulsars and black 
holes

✧Galactic magnetic fields
✧Photon radiation fields in the Universe
✧ Indirect search of dark matter (WIMP interactions)
✧Test fundamental properties of quantum gravity
✧…



How	to	detect?

Satellite



How	to	detect?

Satellite

Cherenkov
Telescopes



How	to	detect?

Satellite

Cherenkov
Telescopes

Extensive	Air	
Shower	 (EAS)
arrays

Primary	particle	of
low	energy					high	energy

Arrays	at	high-altitude	=	large	field	of	view	+	large	duty	cycle	+	low	energy



VERITAS

HESS

MAGIC

HAWC

ARGO

VERITAS

Built	IACT
Built Array
Planned IACT
Planned Array

LATTES

CTA

CTA



What we know so far…
✧ Protons are known to be 

accelerated in the galaxy 
up to PeV energies (E = 
1015 eV)

✧ All current acceleration 
models encounter non-
trivial difficulties at these 
energies

✧ HESS data suggests that 
there might be a 
PeVatron source in the 
galactic center

✧ Fermi bubbles - gamma 
ray emission in outbursts 
from our galaxy
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10 HAWC Collaboration

Table 3. Di↵erential flux models for the Fermi Bubbles.

Model Description

Hadronic Model 1 Np / p�2.2

Hadronic Model 2 Np / p�2.1 exp(�pc/14TeV)

Leptonic Model 1 Ne / p�2.17 exp(�pc/1.25TeV) and IRF at 5kpc

Leptonic Model 2 Ne / p�2.17 exp(�pc/1.25TeV) and CMB

IceCube Hadronic Model Np / p�2.25 exp(�pc/30PeV)

Figure 9. HAWC upper limits together with the Fermi data and gamma-ray production models from Ackermann et al. (2014)
and Lunardini et al. (2015). See table 3 for spectral assumptions of these models.

As mentioned in Section 3.2, Fujita et al. (2013); Yang
et al. (2014); Mou et al. (2015) propose that the size of
the bubbles increases with energy. While defining the
search region to be the same as the excess detected at
GeV energies is a more conservative approach, it may be
interesting to increase the size of the latter in a follow-up
analysis.
Increasing the sensitivity at energies <1TeV is an-

other objective for future analysis. Compared to re-
cent(Abeysekara et al. 2017b,a) or future (HAWC Col-
laboration 2017, in preparation) publications of the
analysis of HAWC data, this analysis uses only the seven
highest event-size bins. At energies .1TeV, the large-
scale anisotropy signal (or any significant, spatially-
extended feature) causes signal contamination in the es-
timation of the background because the structure takes
up a large portion of the field-of-view of HAWC, signif-

icantly altering the all-sky rate. An iterative procedure
for the DI method will be followed as explained in Ahlers
et al. (2016) and has been shown to remove this artifact.

5. CONCLUSIONS

A search of high-energy gamma rays in the North-
ern Fermi Bubble region has been presented by us-
ing 290 days of data from the HAWC observatory.
No significant excess is found above 1.2TeV in the
search area and the 95% C.L. flux upper limits are
calculated and compared to the di↵erential sensi-
tivity with ↵ = 0.05 and � = 0.5. The upper
limits are between 3⇥10�7 GeVcm�2 s�1 sr�1 and
4⇥10�8 GeVcm�2 s�1 sr�1 . The upper limits, for
gamma-ray energies between 3.9TeV and 120TeV, dis-
favor the emission of hadronic models that try to explain
the GeV gamma-ray emission detected by the Fermi

The future…
✧ Higher sensitivity experiments 

planned to be built in the 
Southern Hemisphere
✧ CTA
✧ LATTES (LIP w/ leading role)…

✧ Detect and follow transient 
phenomena
✧ Large field of view

✧ Look for dark matter at the 
center of the galaxy

35ruben@lip.pt

Galactic Coordinates Equatorial Coordinates

Fermi bubbles



The future…
✧ Higher sensitivity experiments 

planned to be built in the 
Southern Hemisphere
✧ CTA
✧ LATTES (LIP w/ leading role)…

✧ Detect and follow transient 
phenomena
✧ Large field of view

✧ Look for dark matter at the 
center of the galaxy
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The future…
✧ Higher sensitivity experiments 

planned to be built in the 
Southern Hemisphere
✧ CTA
✧ LATTES (LIP w/ leading role)…

✧ Detect and follow transient 
phenomena
✧ Large field of view

✧ Look for dark matter at the 
center of the galaxy

DM	density	profile
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Ultra High-Energy 
Cosmic Rays
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Ultra High Energy Cosmic Rays

?

1 km-2 century-1
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Ultra High Energy Cosmic Rays

?

Tevatron (p-p) LHC	(p-p)	13	TeV

1 km-2 century-1

✧Opportunity to understand high-
energy Universe
✧Production (sources; acceleration 

mechanisms…)
✧Propagation (Magnetic fields…)

✧Opportunity to test particle 
physics at energies above the 
LHC
✧High-energy interactions

✧ E = 1019 eV => sqrt(s) ~ 130 TeV
✧Different kinematic regimes

✧ Ebeam up to 108 TeV
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Area: 3000 km2

Located in the Pampa 
Amarilla, Mendoza, 
Argentina

Altitude: 1400 m a.s.l.

Pierre Auger Observatory
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How big is it?

Map data ©2016 Google, Inst. Geogr. Nacional 20 km 
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Really big!!

Map data ©2016 Google, Inst. Geogr. Nacional 20 km 

43ruben@lip.pt



Pierre Auger Observatory

Data	taking	since	2004
Installation	completed	 in	2008

• ~ 1600	Surface	
Detector (SD)	Stations
• 1.5	km	spacing
• 3000	km2

Low energy 
extension
✧ Aim to E ≈ 1017 eV
✧ AMIGA

✧ Denser array plus 
muon detectors

✧ HEAT
✧ 3 additional FD 

telescopes with a 
high elevation FoV

~	60	km

• 4		Fluorescence	Detectors (FD)
• 6	x	4	Fluorescence Telescopes
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Hybrid TechniqueHybrid Detection of Air Showers
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Auger Event Display, Event 3332245 [3 of 43]
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What have we learned so far…
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What have we learned so far…
✧ UHECRs are accelerated:

✧ somewhere in our Universe 
✧ from the photon and neutrino limits

✧ Outside the galaxy
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Figure 2: Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed
with a 45� top-hat function. The Galactic center is marked with an asterisk and the Galactic plane
is shown by a dashed line.

Table 2: Three dimensional dipole reconstruction. Directions of dipole components are shown
in equatorial coordinates.

Energy

[EeV]

Dipole

component dz

Dipole

component d?
Dipole

amplitude d
Dipole

declination dd [
�
]

Dipole right

ascension ad [
�
]

4 to 8 �0.024 ± 0.009 0.006+0.007
�0.003 0.025+0.010

�0.007 �75+17
�8 80 ± 60

8 �0.026 ± 0.015 0.060+0.011
�0.010 0.065+0.013

�0.009 �24+12
�13 100 ± 10

studies that found that the effects of higher-order multipoles are not significant in this energy
range [25, 29, 30], the dipole components and its direction in equatorial coordinates (ad, dd) can
be estimated from

d? ' ra

hcos di , dz '
bj

cos `obshsin qi , ad = ja, tan dd =
dz
d?

, (3)

[25], where hcos di is the mean cosine of the declinations of the events, hsin qi is the mean sine of
the zenith angles of the events, and `obs ' �35.2� is the average latitude of the Observatory. For
our data set, we find hcos di = 0.78 and hsin qi = 0.65.

The parameters describing the direction of the three-dimensional dipole are summarized in
Table 2. For 4 EeV < E < 8 EeV, the dipole amplitude is d = 2.5+1.0

�0.7%, pointing close to the celes-
tial south pole, at (ad, dd) = (80�,�75�), although the amplitude is not statistically significant.
For energies above 8 EeV, the total dipole amplitude is d = 6.5+1.3

�0.9%, pointing toward (ad, dd) =
(100�,�24�). In Galactic coordinates, the direction of this dipole is (`, b) = (233�,�13�). This
dipolar pattern is clearly seen in the flux map in Fig. 2. To establish whether the departures from
a perfect dipole are just statistical fluctuations or indicate the presence of additional structures at
smaller angular scales would require at least twice as many events.
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Composition vs Hadronic interactions

Combination of the number of muons Rμ with Xmax reveals 
tension between data and all hadronic interaction models

hlnNμi ¼ hlnNμip þ ð1 − βÞhlnAi ð10Þ

β ¼ 1 −
hlnNμiFe − hlnNμip

ln 56
: ð11Þ

Since Nμ ∝ Rμ, we can replace lnNμ by lnRμ. The same
can be done in Eq. (2), which also holds for averages due to
the linearity of differentiation.
We estimate the systematic uncertainty of the approxi-

mate Heitler model by computing β from Eq. (11), and
alternatively from dhlnRμip=d ln E and dhlnRμiFe=d ln E .
The three values would be identical if the Heitler model was
accurate. Based on the small deviations, we estimate
σsys½β& ¼ 0.02. By propagating the systematic uncertainty
of β, we arrive at a small systematic uncertainty for the
predicted logarithmic muon content of σsys½hlnRμi& < 0.02.
With Eqs. (9)–(10), we convert the measured mean depth

hXmaxi into a prediction of the mean logarithmic muon
content hlnRμi at θ ¼ 67° for each hadronic interaction
model. The relationship between hXmaxi and hlnRμi can be
represented by a line, which is illustrated in Fig. 5. The
Auger measurements at 1019 eV are also shown. The
discrepancy between data and model predictions is shown
by a lack of overlap of the data point with any of the
model lines.
The model predictions of hlnRμi and dhlnRμi=d ln E

are summarized and compared to our measurement in
Figs. 6–7, respectively. For QGSJETII-03, QGSJETII-04,
and EPOS LHC, we use estimated hlnAi data from
Ref. [40]. Since QGSJET01 has not been included in that
reference, we compute hlnAi using Eq. (9) [4] from the

latest hXmaxi data [40]. The systematic uncertainty of
the hlnRμi predictions is derived by propagating the sys-
tematic uncertainty of hlnAi [' 0.03ðsysÞ], combined with
the systematic uncertainty of the Heitler model [' 0.02ðsysÞ].
The predicted logarithmic gain dhlnRμi=d ln E is calculated
through Eq. (2), while d lnA=d ln E is obtained from
a straight line fit to hlnAi data points between 4× 1018

and 5 × 1019 eV. The systematic uncertainty of the
dhlnRμi=d ln E predictions is derived by varying the fitted
line within the systematic uncertainty of the hlnAi data
[' 0.02ðsysÞ], and by varying β within its systematic
uncertainty in Eq. (2) [' 0.005ðsysÞ].
The four hadronic interaction models fall short in

matching our measurement of the mean logarithmic muon
content hlnRμi. QGSJETII-04 and EPOS LHC have been
updated after the first LHC data. The discrepancy is smaller
for these models, and EPOS LHC performs slightly better
than QGSJETII-04. Yet none of the models is covered by
the total uncertainty interval. The minimum deviation is
1.4σ. To reproduce the higher signal intensity in data, the
mean muon number around 1019 eV in simulations would
have to be increased by 30 to 80%½þ17

−20ðsysÞ%&. If on the
other hand the predictions of the latest models were close
to the truth, the Auger energy scale would have to be
increased by a similar factor to reach agreement. Without a
self-consistent description of air shower observables, con-
clusions about the mass composition from the measured
absolute muon content remain tentative.

FIG. 5 (color online). Average logarithmic muon content
hlnRμi (this study) as a function of the average shower depth
hXmaxi (obtained by interpolating binned data from Ref. [40]) at
1019 eV. Model predictions are obtained from showers simulated
at θ ¼ 67°. The predictions for proton and iron showers are
directly taken from simulations. Values for intermediate masses
are computed with the Heitler model described in the text.

FIG. 6 (color online). Comparison of the mean logarithmic
muon content hlnRμi at 1019 eV obtained from Auger data with
model predictions for proton and iron showers simulated at
θ ¼ 67°, and for such mixed showers with a mean logarithmic
mass that matches the mean shower depth hXmaxi measured by
the FD. Brackets indicate systematic uncertainties. Dotted lines
show the interval obtained by adding systematic and statistical
uncertainties in quadrature. The statistical uncertainties for proton
and iron showers are negligible and suppressed for clarity.

MUONS IN AIR SHOWERS AT THE PIERRE AUGER … PHYSICAL REVIEW D 91, 032003 (2015)

032003-9

Fluorescence	Detector
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The future of UHECRs…
✧ Gain better understanding over 

the shower physical mechanisms
✧ Use LHC data to better tune the 

hadronic interaction models at low 
energy

✧ Auger upgrade
✧ Auger PRIME (operates until 2025)
✧ Put a scintillator on top of the SD
✧ Complementary information to 

separate the muon from the e.m. 
shower component

✧ Several R&D projects
✧ EAS radio detection
✧ MARTA engineering array

✧ RPCs below the tank
✧ AMIGA

✧ Scintillators below the ground

M
ARTA

Auger	PRIM
E	SSD
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Multi-messengers
The opening of a new era…
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Multi-messenger observation of a 
Binary Neutron Star Merger

✧ Non-detection of high-energy neutrinos correlated with 
the Gravitational Wave (GW)

✧ Observations consistent with theoretical expectation
ruben@lip.pt 51
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Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization
(red contour; Abbott et al. 2017c), direction of NGC 4993 (black plus symbol; Coulter et al. 2017a), directions of IceCube’s and ANTARES’s
neutrino candidates within 500 s of the merger (green crosses and blue diamonds, respectively), ANTARES’s horizon separating down-going
(north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and Auger’s fields of view for Earth-skimming (darker
blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and southern hemispheres,
respectively. The zenith angle of the source at the detection time of the merger was 73.8� for ANTARES, 66.6� for IceCube, and 91.9� for
Auger.

the interaction of cosmic ray particles with the atmosphere
above the detectors. This discrimination is done by consid-
ering the observed direction and energy of the charged par-
ticles. Surface detectors focus on high-energy (& 1017eV)
showers created close to the detector by neutrinos from near-
horizontal directions. In-ice and in-water detectors can select
well-reconstructed track events from the up-going direction
where the Earth is used as a natural shield for the dominant
background of penetrating muons from cosmic ray showers.
By requiring the neutrino interaction vertex to be contained
inside the instrumented volume, or requiring its energy to
be sufficiently high to be incompatible with the down-going
muon background, even neutrino events originating above
the horizon are identifiable. Neutrinos originating from cos-
mic ray interactions in the atmosphere are also observed and
constitute the primary background for up-going and vertex-
contained event selections.

All three observatories, ANTARES, IceCube, and Auger,
performed searches for neutrino signals in coincidence with
the binary neutron star merger event GW170817, each us-
ing multiple event selections. Two different time windows
were used for the searches. First, we used a ±500 s time
window around the merger to search for neutrinos associated
with prompt and extended gamma-ray emission (Baret et al.
2011; Kimura et al. 2017). Second, we searched for neutrinos
over a longer 14-day time window following the GW detec-
tion, to cover predictions of longer-lived emission processes
(e.g., Gao et al. 2013; Fang & Metzger 2017).

2.1. ANTARES

The ANTARES neutrino telescope has been continuously
operating since 2008. Located deep (2500 m) in the Mediter-
ranean Sea, 40 km from Toulon (France), it is a 10 Mt-
scale array of photosensors, detecting neutrinos with energies
above O(100) GeV.

Based on the originally communicated locations of the
GW signal and the GRB detection, high-energy neutrino can-
didates were initially searched for in the ANTARES online
data stream, relying on a fast algorithm which selects only
up-going neutrino track candidates (Adrián-Martı́nez et al.
2016b). No up-going muon neutrino candidate events were
found in a ±500 s time window centered on the GW event
time – for an expected number of atmospheric background
events of ⇠ 10�2 during the coincident time window. An ex-
tended online search during ±1 h also resulted in no up-going
neutrino coincidences.

As it subsequently became clear, the precise direction of
origin of GW170817 in NGC 4993 was above the ANTARES
horizon at the detection time of the binary merger (see Fig. 1).
Thus, a dedicated analysis looking for down-going muon
neutrino candidates in the online ANTARES data stream was
also performed. No neutrino counterparts were found in this
analysis. The results of these low-latency searches were
shared with follow-up partners within a few hours for the
up-going search and a few days for the down-going search
(Ageron et al. 2017a,b).

Here, ANTARES used an updated high-energy neutrino fol-
low up of GW170817 that includes the shower channel. It



Multi-messenger observation of a 
Binary Neutron Star Merger

✧ Paper appeared in arXiv in October 2017
✧ Already with about 350 citations
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of

1.7 s~ with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg2 at a luminosity distance of 40 8

8
-
+ Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 M:. An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at 40 Mpc~ ) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ∼10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position 9~ and 16~ days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
ScorpiusX-1(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the
development of a scenario for the formation of double neutron
stars and the first population studies (Flannery & van den

Heuvel 1975; Massevitch et al. 1976; Clark 1979; Clark et al.
1979; Dewey & Cordes 1987; Lipunov et al. 1987; for reviews
see Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence(Taylor &
Weisberg 1982) of the existence of gravitational waves(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 https://doi.org/10.3847/2041-8213/aa91c9
© 2017. The American Astronomical Society. All rights reserved.
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Multi-messenger observation of a Binary 
Neutron Star Merger

✧ Simultaneous observation of a Gravitational Wave + 
electromagnetic counter parts

✧ Allows to test the dynamics of our surrounding Universe
✧ Study of transient phenomena in all energy regions is one of the 

main ingredients
R. Conceição 53
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Multi-messenger observation of a 
Binary Neutron Star Merger

✧ Observe the same 
phenomenon with 
different instruments

✧ Follow the evolution 
in time

✧ Different 
wavelengths ⇒
different kind of 
interactions ⇒
different phenomena

ruben@lip.pt 54
Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Summary

✧ Astroparticle physics (Multi-Messengers)

✧ Use astrophysical messengers and known particle 
physics to gain a deeper understanding of the 
dynamics of our Universe

✧ Rapidly evolving field

✧ Lots of ambitious projects

✧ Will soon provide important tests to our 
knowledge over fundamental physics
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UHE Photons/Neutrinos

✧ The absence of photons and neutrinos strongly 
disfavors top-down acceleration models

Ruben Conceição 10

Searches for Cosmogenic Photons and NeutrinosSearches for Cosmogenic Photons and Neutrinos
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Figure 2: Integral upper limit (at 90% C.L.) for a diffuse neutrino flux of UHE dN/dEn = kE�2 given as
a normalization, k, (straight red line), and differential upper limit (see text). Limits are quoted for a single
flavor assuming equal flavor ratios. Similar limits from ANITAII [8] and IceCube [9] are displayed along
with prediction for several neutrino models (cosmogenic [10, 11, 12], astrophysical [13].)

3.2 Limits to point-like sources of UHE neutrinos

The Earth-skimming channel is very effective at converting the tau neutrinos into exiting tau
leptons when the arrival direction is very close to the horizontal. It can be shown that over 90%
(⇠ 100%) of the ES exposure is obtained for zenith angles between 90� and 92.5� (95�). As a result
the sky coverage provided by these interactions reaches declinations between �54.5� and 59.5�.
The DG selections enhance the visible declination band towards the south all the way to �84.5�

covering a large fraction of the sky. The exposure as a function of zenith can be converted to an
average exposure for a given declination integrating in right ascension. It displays strong peaks for
the ES selection close to two extreme declinations apparent in the obtained bounds.

The non-observation of neutrino candidates is cast into a bound on point sources which is
calculated as a function of declination, d , also assuming a flavor ratio of 1:1:1. The results are
displayed in Fig. 3, for the first time combining the three searches and for data that have an increase
of about seven years of full exposure over previous results [15].

3.3 Targeted searches for correlations with the GW events

The reported detection of gravitational wave events produced by bynary Black Hole (BH)
mergers by the Advanced Ligo Collaboration has triggered a targeted search for coincidence events
that would complement these observations. BH mergers could accelerate cosmic rays to the high-

4
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proton

iron

E = 1019 eV

Composition fits to Xmax
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Composition Fits to X
max

single energy binenergy evolution of composition

Monte-Carlo distributions ftted to data

with L worse than that obtained from the real data. Since
the parameters in the fit are constrained by both physical
and unitarity bounds, we do not expect L to necessarily
behave like a χ2 variable and hence do not use the
ΔL ¼ 1=2 rule to obtain the statistical uncertainty on the
fit parameters. Instead, the statistical uncertainty for each
species has been determined by using a generalization
of the Feldman-Cousins procedure [12]. Known as the
profile-likelihood method [13], a multidimensional
likelihood function is reduced to a function that only
depends on the parameter of prime interest. The 68%
confidence range for each species fraction is determined
through this method by treating the other species frac-
tions as nuisance parameters. The method properly

accounts for correlations and provides a smooth tran-
sition from two-sided bounds to one-sided limits.

IV. SYSTEMATIC UNCERTAINTIES

The most important source of systematic uncertainty
considered is that on Xm

max itself as determined in Ref. [4].
The effect of this uncertainty on the fit fractions is
determined by fitting the data with model predictions
shifted in Xmax by an amount δXmax. The models are
shifted rather than the data in order to avoid statistical
artifacts resulting from rebinning of the data. Since we do
not expect the fit fractions to evolve monotonically with
respect to δXmax, we scan δXmax between þ1σ and −1σ in
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FIG. 5 (color online). Xmax distribution of the fits for energy bin E ¼ 1017.8–17.9 eV. Results using Sibyll 2.1 are shown in the top row,
QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row. The left column displays results where protons and iron nuclei were
used, the central column also includes nitrogen nuclei, and the right column includes helium nuclei in addition.
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Hadronic Interactions at UHE: hln Ai compatibilityHadronic Interactions at UHE: hln Ai compatibility
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More trouble for 
Hadronic Interaction Models…

✧ Combined fit of energy scale 
(RE) and hadronic 
component rescaling (Rhad) 
[Hybrid: SD + FD]

✧ Depth of maximum of muon 
production depth (X*𝜇max)

Ruben Conceição 16
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FIG. 4. Best-fit values of RE and Rhad for QGSJet-II-04 and
EPOS-LHC, for pure proton (solid circle/square) and mixed
composition (open circle/square). The ellipses and grey boxes
show the 1-� statistical and systematic uncertainties.

The values of Rhad needed in the models are compara-
ble to the corresponding muon excess detected in highly-
inclined air showers [7], as is expected because at high
zenith angle the non-hadronic contribution to the sig-
nal (shown with red curves in Fig. 3) is much smaller
than the hadronic contribution. However the two anal-
yses 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 e↵ect. 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 statistical and systematic errors from Fig. 6 of
[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 composi-
tion. This is because, for a given mass, the muon signal
is ⇡ 15% larger for EPOS-LHC than QGSJet-II-04 [27],
and in addition the mean primary mass is larger when the
Xmax data is interpreted with EPOS 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 cur-
rent 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 micro-black holes were being pro-
duced at a much-larger-than-expected rate [28, 29].

SUMMARY

We have introduced a new method to study hadronic
interactions at ultrahigh energies, which minimizes re-
liance on the absolute energy determination and improves
precision by exploiting the information in individual hy-

brid events. We applied it to hybrid showers of the Pierre
Auger Observatory with energies 6-16 EeV (ECM = 110
to 170 TeV) and zenith angle 0�60�, to quantify the dis-
parity between state-of-the-art hadronic interaction mod-
eling and observed UHECR atmospheric air showers. We
considered the simplest possible characterization of the
model discrepancies, namely an overall rescaling of the
hadronic shower, Rhad, and we allow for a possible over-
all energy calibration rescaling, RE .

No energy rescaling is needed: RE = 1.00 ± 0.10 for
the mixed composition fit with EPOS-LHC, and RE =
1.00± 0.14 for QGSJet II-04, adding systematic and sta-
tistical 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 = 1.33±0.16 (statistical and
systematic uncertainties combined in quadrature), while
for QGSJet II-04, Rhad = 1.61±0.21. It is not yet known
whether this discrepancy can be explained by some in-
correctly 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 [27] or vector mesons [30]
(see [31] for a recent review of the many constraints to
be satisfied), while proposals for possible new physics are
discussed in [26, 29, 32].

The nature of the discrepancy between models and Na-
ture can be elucidated by extending the present analysis
to the entire hybrid dataset above 1018.5 eV, to deter-
mine the energy dependence of RE and Rhad. In addi-
tion, the event-by-event analysis introduced here can be
generalized to include other observables with complemen-
tary 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 com-
ponents of the ground signal.
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UHECRs dipole
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Observation of Dipolar anisotropy above 8 EeVObservation of Dipolar anisotropy above 8 EeV
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Search for intermediate scale 
anisotropy
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Search for Intermediate-scale UHECR AnisotropiesSearch for Intermediate-scale UHECR Anisotropies
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Two possible scenarios

11

A. Schulz et al. Energy spectrum measured at the Pierre Auger Observatory
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Figure 5: The combined energy spectrum of UHECRs as mea-
sured at the Pierre Auger Observatory. The numbers give the total
number of events inside each bin. The last three arrows represent
upper limits at 84% C.L.

Parameter Result (±sstat ±ssys)

log10(Ea/eV) 18.72±0.01±0.02
g1 3.23±0.01±0.07
g2 2.63±0.02±0.04
log10(E1/2/eV) 19.63±0.01±0.01
log10 Wc 0.15±0.01±0.02

Table 2: Parameters, with statistical and systematic uncertainties,
of the model describing the combined energy spectrum measured
at the Pierre Auger Observatory.
brid spectrum down by 6%. Compared to the previous pub-
lication, the precision in determining the spectral index be-
low the ankle has increased significantly, mainly due to the
addition of the 750 m array. We report a slightly flatter spec-
trum below the ankle (now: 3.23±0.01 (stat) ±0.07 (sys),
previous publication: 3.27± 0.02) and an increase of Ea
(now: 18.72± 0.01 (stat) ± 0.02 (sys), previous publica-
tion: 18.61±0.01) [22]. The large systematic uncertainties
in g1 are dominated by the uncertainty of the resolution
model used for correcting the measured flux. At the same
time, the uncertainty in the energy scale of 14% is propa-
gated into the final result.

The combined energy spectrum is compared to fluxes
from three astrophysical scenarios in Fig. 6. Shown are
models assuming pure proton or iron composition. The
fluxes result from different assumptions of the spectral index
b of the source injection spectrum and the source evolution
parameter m. The model lines have been calculated using
CRPropa [30] and validated with SimProp [31].

5 Summary

The flux of cosmic rays above 3⇥1017 eV has been mea-
sured at the Pierre Auger Observatory combining data from
surface and fluorescence detectors. The spectral features are
determined with unprecedented statistical precision. The
fitted parameters are compatible with previous results given
the change in the energy scale. There is an overall uncer-
tainty of the revised energy scale of 14% [23]. Current re-
sults from Xmax measurements and an interpretation of the
measurements concerning mass composition are presented
in [28, 29]. The spectrum as measured with the SD 750 m
array is presented in more detail at this conference in [9].
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Figure 6: The combined energy spectrum compared to energy
spectra from different astrophysical scenarios (see text).
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measured by Auger [15] and in our calculations with the same choice of parameters of figure 4. The
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On the other hand, as discussed above, an additional CR component appears to be
required by the Auger data in the energy range E < 5×1018 eV, therefore here we introduce
such a component in the form of a speculative Galactic CR flux, parametrized as:

Jgal(E) = J0e
−E/E⋆

(

E

E⋆

)

−γ

(3.2)

with E⋆ = 1018 eV, γ = 2.65 and J0 chosen in order to fit the observations. The choice of the
power law index γ in equation (3.2) comes from the galactic cosmic rays spectra as computed
in [47]. In figure 4 we plot the all particle spectrum with the same choice of the injection
parameters used in figure 2 and the additional galactic component, Eq. (3.2), plotted as a
dotted black curve.

Given the speculative nature of the Galactic component used here, we left its chemical

– 10 –

Aloisio et	al	(2014)

Cutoff	caused	by	GZK	or	photo-
disintegration	

Cutoff	caused	by	source	energy	
exhaustion	

The	UHECR	composition	is	essential	to	understand	
the	spectrum	features	cause

Pure	proton	or	Fe	nuclei	at	source	 Mixed	composition	 at	source

Ruben	Conceição
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VERITAS

LATTES Complementary	 to	the	powerful
Cherenkov	Telescope	Array	project



Requirements to build a Wide FoV
gamma-ray observatory

✧ Located in the 
South 
Hemisphere

✧ Low energy 
threshold:

✧ High altitude

✧ Next generation 
detector concept

R. Conceição 68

Current	Situation

3

• No	wide	FoV experiment	to:

– Survey	the	Galactic	Center
– Explore	the	energy	region	of	

100	GeV	:
• Cover	the	gap	between	
satellite	and	ground	based	
observations;

• Trigger	observations	of	
variable	sources	(finder	for	
CTA);

• Detect	extragalactic	
transients/flaring	activity.
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Requirements to build a Wide FoV
gamma-ray observatory

✧ Located in the 
South 
Hemisphere

✧ Low energy 
threshold:

✧ High altitude

✧ Next generation 
detector concept
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Current	Situation

3

• No	wide	FoV experiment	to:

– Survey	the	Galactic	Center
– Explore	the	energy	region	of	

100	GeV	:
• Cover	the	gap	between	
satellite	and	ground	based	
observations;

• Trigger	observations	of	
variable	sources	(finder	for	
CTA);

• Detect	extragalactic	
transients/flaring	activity.
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LATTES 70

LATTES @ ALMA site
Large Array Telescope for Tracking Energetic Sources

✧ Joint Brazil / Italy / 
Portugal initiative

✧ Interest from Czech group

✧ Possible site:
✧ Atacama Large Millimeter 

Array site
✧ Chajnantor plateau
✧ 5200 meters altitude in 

north Chile
✧ Good position to survey 

the Galactic Center



The concept: a hybrid detector

R. Conceição 71

HAWC

WCDs

ARGO

RPCs

MARTA

WCDs	+	RPCs	

Pb
RPC

WCD

RPCs  : time and spatial resolution
WCDs: e.m. energy, g/h discrimination                    

and trigger



Array configuration

✧ LATTES compact core array
✧ 3600 LATTES stations
✧ Array of roughly 20 000 m2

✧ 0.5 m space for access detectors

R. Conceição 72
• Explore Geant4	capabilities	to	simulate optical	
photon	propagation;	

• l dependence	of	all	relevant	processes/materials	
taken	into	account

• Water
– Attenuation	length	~	80	m	@ l =	400	nm

• PMT
– Q.E.max ~	30%	@	l =	420	nm

• Dielectric-metal	interface	in	G4

• Tyvek
– Described using	the	G4	UNIFIED	optical	model	
– Specular and diffusive properties;
– R ~ 95%, for λ > 450 nm

• 80% of which is diffusively reflected and 20% is reflected around the specular reflection direction, with σa � 0.2o

WCD	optical	properties

8
UNIFIED	model
(A.	Levin	and	C.	Moisan)



Shower simulation
(CORSIKA)

Detector simulation
(Geant4)

Towards LATTES sensitivity…

R. Conceição 73

Baseline design : the unit station 

Pb
RPC

WCD

– Resistive Plates Chamber
• Sensitive to charged particles
• Good time and spatial resolution
• Improve geometric reconstruction
• Explore shower particle patterns at 

ground

– Water Cherenkov Detector
• Sensitive to secondary photons and 

charged particles
• Measure energy flow at ground
• Improve trigger capability
• Improve gamma/hadron discrimination

– Thin lead plate
• To convert the secondary photons
• Improve angular  reconstruction
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Shower reconstruction
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LATTES sensitivity
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LATTES concept can cover the energy gap between satellite borne and 
ground base experiments



Muon content in air showers

Extensive air showers with zenith angles exceeding 62°
are characterized at the ground by the dominance of
secondary energetic muons, since the electromagnetic
component has been largely absorbed in the large atmos-
pheric depth crossed by the shower. Such inclined showers
provide a direct measurement of the muon number at the
ground [14]. The muon number in less inclined air showers
has also been explored [15,16], but the measurement is in
this case complicated by the need to separate the electro-
magnetic and the muonic signals in surface detectors. The
unique features of showers around 60° zenith angle further
led to the derivation of the muon production depth from the
arrival times of signals in the SD [17], which is another
powerful observable to study the mass composition and
hadronic interaction models.
We measure the muon number in inclined air showers

using the relative scale factor N19 which relates the
observed muon densities at the ground to the average
muon density profile of simulated proton-induced air
showers of fixed energy 1019 eV. This approach follows
from developments that have been introduced to recon-
struct inclined showers, taking into account the rich spatial
structure of the muon distributions at the ground. The scale
factor N19 is independent of the zenith angle and details of
the location of the observatory [18,19] and can be also used
as an estimator of the muon number. These developments
led to the first limit on the fraction of cosmic photons in the
EeVenergy range [20] and to an independent measurement
of the energy spectrum of cosmic rays [21].

II. RECONSTRUCTION OF THE
MUON NUMBER

Inclined showers generate asymmetric and elongated
signal patterns in the SD array with narrow pulses in time,
typical for a muonic shower front. Events are selected by
demanding space-time coincidences of the signals of
triggered surface detectors which must be consistent with
the arrival of a shower front [10,22]. After event selection,
the arrival direction ðθ;ϕÞ of the cosmic ray is determined
from the arrival times of this front at the triggered stations
by fitting a model of the shower front propagation. The
achieved angular resolution is better than 0.6° above
4 × 1018 eV [23].
Once the shower direction is established, we model the

muon density ρμ at the ground point ~r as

ρμð~rÞ ¼ N19ρμ;19ð~r; θ;ϕÞ; ð3Þ

where ρμ;19 is the parametrized ground density for a proton
shower simulated at 1019 eV with the hadronic interaction
model QGSJETII-03 [24]. An example is given in Fig. 1. It
was shown in detailed studies [25,26] that the attenuation
and shape of ρμ;19 depend very weakly on the cosmic-ray
energy E and mass A for showers with θ > 60°, so the
factorization in Eq. (3) is a good approximation for showers

above 1018 eV. It was also shown that the lateral shape
of ρμ;19 is consistently reproduced by different hadronic
interaction models and air shower simulation codes. The
lateral shape at the ground is mainly determined by
hadronic interactions at beam energies of up to a few
hundred GeV, in which models are constrained by data
from fixed target experiments. The strong zenith angle
dependence is factorized out into ρμ;19 in Eq. (3), so that the
scale factor N19 at a given zenith angle is a relative measure
of the produced number of muons Nμ, addressed in Eq. (1).
The scale factor N19 is inferred from measured signals

with a maximum-likelihood method based on a probabi-
listic model of the detector response to muon hits obtained
from GEANT4 [27] simulations with the Auger Offline
software framework [28]. A residual electromagnetic signal
component is taken into account based on model predic-
tions (typically amounting to 20% of the muon signal) [29].
The procedure is described in full detail in Ref. [30].
The reconstruction approach was validated in an end-

to-end test with three sets of simulated events. The first set
consists of 100,000 proton and 100,000 iron showers
generated with AIRES [31], using QGSJET01 [32].
Showers following an E−2.6 energy spectrum and an
isotropic angular distribution were simulated at a relative
thinning of 10−6. The second (third) set consists of 12,000
proton and 12,000 iron showers generated using CORSIKA

[33], with QGSJETII-04 [34] (EPOS LHC [35]), with the
same thinning and angular distribution and an E−1 energy
spectrum. Showers have subsequently undergone a full
simulation of the detector, with random placement of
impact points in the SD array. Simulated and real events
were reconstructed with the same procedure.

FIG. 1. Expected number of muon hits per SD station as
predicted by the reference profile ρμ;19, for θ ¼ 80° and ϕ ¼ 0°, in
cylindrical coordinates around the shower axis. The radial density
roughly follows a power law in any given direction. The
quadrupole structure is generated by charge separation in Earth’s
magnetic field. The weaker dipole structure is caused by
projection effects and muon attenuation. Early (late) arriving
particles are on the right (left) side in this projection.

MUONS IN AIR SHOWERS AT THE PIERRE AUGER … PHYSICAL REVIEW D 91, 032003 (2015)
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Increase the sensitivity to muons  
MARTA  
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Disantangle hadronic models from 
composition scenarios 
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E ~1019 eV 

✧Muon EAS content is directly 
related with the hadronic
shower component

✧Through inclined showers is 
possible to measure directly 
the muon content (Rμ) in the 
SD
✧Electromagnetic shower 

component gets attenuated

e.m.

μ

75ruben@lip.pt



What is measured?

e.m.

μ

Surface	Detector

✧ Inclined events
✧ Measure directly muons at 

ground
✧Muon Production Depth 

(MPD)
✧ Use arrival time at ground plus 

shower geometry to reconstruct 
the muon production profile

76ruben@lip.pt



What is measured?

Measuring the UHECR flux above 0.3 EeV
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) Combined measurement of UHECRs over almost 3 decades in energy!

2 / 15

e.m.

✧FD: Collects the fluorescence 
light produced by the e.m. 
shower component in moonless 
nights
✧ ~15% duty cycle
✧ Energy from integral

✧ Quasi-calorimetric measurement
✧ Depth of shower maximum (Xmax)

✧ Composition sensitive

77ruben@lip.pt



What is measured?
Air shower reconstruction

Example event with
E = (76 ± 2)EeV, ✓ = 54�

(Id: 201022604238)

SD: Lateral distribution at
optimal distance S(ropt)

FD energy:
R

Gaisser-Hillas +
invisible energy (⇡ 10%)
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✧SD: Sample the 
charged secondary 
particles that arrive at 
ground
✧100% duty cycle
✧Shower direction: 

from arrival time
✧Energy estimator: 

signal at 1000 m from 
the core
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Combined spectrum + comp fits

Composition Scenarios
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Interpreting the energy spectrum

• hard injection (!~1) and low cutoff (Rcut<1018.7 eV) favoured 

• !~2 strongly disfavoured by Xmax distribution width 

• EPOS-LHC favoured over Sibyll2.1 and QGSJet04

best fit local min
Vulcano Workshop, 22-28 May 2016   A.Castellina 11

Interpreting the energy spectrum
• identical sources homogeneously distributed 
• Injection of H,He,N,Fe, injection spectrum 
• Photodis.cross section + EBL (far IR) 
• Propagation code: CRPropa,SimProp �Sim
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Explore hybrid events
✧Combined fit of energy 

scale (RE) and hadronic 
component rescaling 
(Rhad) 

✧Findings:
✧No need for an energy 

rescaling
✧Hadronic signal in data is 

significantly larger with 
respect to simulations
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FIG. 3. The contributions of di↵erent 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.

events for a given shower is smaller than the shower-to-
shower fluctuations in real events. More than 107 showers
must be simulated to create the analysis library of well-
fitting simulated showers for the 411 hybrid events of the
dataset. A high-quality fit to the LP is found for all
events, for at least one primary type.

QUANTIFYING THE DISCREPANCY

The history of all muons and EM particles (e± and �’s)
reaching the ground is tracked during simulation, follow-
ing the description in [23]. Most muons come from ⇡± or
K decay and most EM particles from ⇡0 decay. The por-
tion of EM particles that are produced by muons through
decay or radiative processes, and by low-energy ⇡0’s, are
attributed to the hadronic signal, Shad; muons that are
produced through photoproduction are attributed to the
electromagnetic signal, SEM . The relative importance
of the di↵erent components varies with zenith angle, as
illustrated in Fig. 3. Once SEM and Shad are known
for a given shower i, with assumed primary mass j, the
rescaled simulated S(1000) can be written as:

Sresc(RE , Rhad)i,j ⌘ RE SEM,i,j+Rhad R↵
E Shad,i,j . (1)

The linear scaling of the EM contribution with RE is
obvious, as is the factor Rhad for the hadronic contribu-
tion. The factor R↵

E reflects the fact that the hadronic
signal increases slower than linearly with energy, since
higher energy events require more stages in the shower
cascade before the pions have low enough energy to decay
to muons rather than re-interact, and at each stage, en-
ergy is removed from the hadronic cascade. The value of
↵ is a prediction of the HEG and depends also on mass;
in practice both EPOS and QGSJet-II simulations find
↵ ⇡ 0.9, relatively independently of composition [24]. We

TABLE I. RE and Rhad with statistical and systematic un-
certainties, for QGSJet-II-04 and EPOS-LHC.

Model RE Rhad

QII-04 p 1.09± 0.08± 0.09 1.59± 0.17± 0.09
QII-04 Mixed 1.00± 0.08± 0.11 1.61± 0.18± 0.11

EPOS p 1.04± 0.08± 0.08 1.45± 0.16± 0.08
EPOS Mixed 1.00± 0.07± 0.08 1.33± 0.13± 0.09

investigated the sensitivity of our conclusions to the pos-
sibility that ↵ predicted by the models is incorrect, and
find its potential e↵ect is small enough to be ignored for
the present analysis [25].

The best fit values of RE and Rhad are determined
by maximizing the likelihood function

Q
i Pi, where the

index i runs over each event in the data set and the con-
tribution of the ith event is

Pi =
X

j

pj (Xmax,i)q
2⇡�2

i,j

exp

"
� (Sresc(RE , Rhad)i,j � S(1000)i)

2

2 �2
i,j

#
.

(2)
The index j labels the di↵erent possible primaries (p, He,
N and Fe), and pj (Xmax,i) is the prior on the probability
that an event with Xmax,i has mass j, given the mass
fractions fj in the interval 1019±0.2 eV (see [8] for the fit
to the observed Xmax distribution for each HEG):

pj(Xmax) = fj Pj(Xmax) / ⌃jfj Pj(Xmax), (3)

where Pj(Xmax) is the probability density of observing
Xmax for primary type j, for the given HEG. The
variance entering Equation (2) includes (a) measurement
uncertainty of typically 12%, from the uncertainty in
the reconstruction of S(1000), the calorimetric energy
measurement, and the uncertainty in the Xmax scale, as
well as (b) the variance in the ground signals of showers
with matching LPs due to shower-to-shower fluctuations
(ranging from typically 16% for proton-initiated showers
to 5% for iron-initiated showers) and (c) the uncertainty
in separating Sµ and SEM in the simulation, and from
the limited statistics of having only three simulated
events (typically 10% for proton-initiated showers and
4% for iron-initated showers).

RESULTS AND DISCUSSION

Table I gives the values of RE and Rhad which max-
imize the likelihood of the observed ground signals, for
the various combinations of HEGs and compositions con-
sidered. The systematic uncertainties in the reconstruc-
tion of Xmax, EFD and S(1000) are propagated through
the analysis by shifting the reconstructed central val-
ues by their one-sigma systematic uncertainties. Fig. 4
shows the one-sigma statistical uncertainty ellipses in the
RE�Rhad plane; the outer boundaries of propagating the
systematic errors are shown by the grey rectangles.
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The values of Rhad needed in the models are compara-
ble to the corresponding muon excess detected in highly-
inclined air showers [7], as is expected because at high
zenith angle the non-hadronic contribution to the sig-
nal (shown with red curves in Fig. 3) is much smaller
than the hadronic contribution. However the two anal-
yses 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 e↵ect. 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 statistical and systematic errors from Fig. 6 of
[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 composi-
tion. This is because, for a given mass, the muon signal
is ⇡ 15% larger for EPOS-LHC than QGSJet-II-04 [27],
and in addition the mean primary mass is larger when the
Xmax data is interpreted with EPOS 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 cur-
rent 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 micro-black holes were being pro-
duced at a much-larger-than-expected rate [28, 29].

SUMMARY

We have introduced a new method to study hadronic
interactions at ultrahigh energies, which minimizes re-
liance on the absolute energy determination and improves
precision by exploiting the information in individual hy-

brid events. We applied it to hybrid showers of the Pierre
Auger Observatory with energies 6-16 EeV (ECM = 110
to 170 TeV) and zenith angle 0�60�, to quantify the dis-
parity between state-of-the-art hadronic interaction mod-
eling and observed UHECR atmospheric air showers. We
considered the simplest possible characterization of the
model discrepancies, namely an overall rescaling of the
hadronic shower, Rhad, and we allow for a possible over-
all energy calibration rescaling, RE .

No energy rescaling is needed: RE = 1.00 ± 0.10 for
the mixed composition fit with EPOS-LHC, and RE =
1.00± 0.14 for QGSJet II-04, adding systematic and sta-
tistical 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 = 1.33±0.16 (statistical and
systematic uncertainties combined in quadrature), while
for QGSJet II-04, Rhad = 1.61±0.21. It is not yet known
whether this discrepancy can be explained by some in-
correctly 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 [27] or vector mesons [30]
(see [31] for a recent review of the many constraints to
be satisfied), while proposals for possible new physics are
discussed in [26, 29, 32].

The nature of the discrepancy between models and Na-
ture can be elucidated by extending the present analysis
to the entire hybrid dataset above 1018.5 eV, to deter-
mine the energy dependence of RE and Rhad. In addi-
tion, the event-by-event analysis introduced here can be
generalized to include other observables with complemen-
tary 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 com-
ponents of the ground signal.
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FIG. 3. The contributions of di↵erent 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.

events for a given shower is smaller than the shower-to-
shower fluctuations in real events. More than 107 showers
must be simulated to create the analysis library of well-
fitting simulated showers for the 411 hybrid events of the
dataset. A high-quality fit to the LP is found for all
events, for at least one primary type.

QUANTIFYING THE DISCREPANCY

The history of all muons and EM particles (e± and �’s)
reaching the ground is tracked during simulation, follow-
ing the description in [23]. Most muons come from ⇡± or
K decay and most EM particles from ⇡0 decay. The por-
tion of EM particles that are produced by muons through
decay or radiative processes, and by low-energy ⇡0’s, are
attributed to the hadronic signal, Shad; muons that are
produced through photoproduction are attributed to the
electromagnetic signal, SEM . The relative importance
of the di↵erent components varies with zenith angle, as
illustrated in Fig. 3. Once SEM and Shad are known
for a given shower i, with assumed primary mass j, the
rescaled simulated S(1000) can be written as:

Sresc(RE , Rhad)i,j ⌘ RE SEM,i,j+Rhad R↵
E Shad,i,j . (1)

The linear scaling of the EM contribution with RE is
obvious, as is the factor Rhad for the hadronic contribu-
tion. The factor R↵

E reflects the fact that the hadronic
signal increases slower than linearly with energy, since
higher energy events require more stages in the shower
cascade before the pions have low enough energy to decay
to muons rather than re-interact, and at each stage, en-
ergy is removed from the hadronic cascade. The value of
↵ is a prediction of the HEG and depends also on mass;
in practice both EPOS and QGSJet-II simulations find
↵ ⇡ 0.9, relatively independently of composition [24]. We

TABLE I. RE and Rhad with statistical and systematic un-
certainties, for QGSJet-II-04 and EPOS-LHC.

Model RE Rhad

QII-04 p 1.09± 0.08± 0.09 1.59± 0.17± 0.09
QII-04 Mixed 1.00± 0.08± 0.11 1.61± 0.18± 0.11

EPOS p 1.04± 0.08± 0.08 1.45± 0.16± 0.08
EPOS Mixed 1.00± 0.07± 0.08 1.33± 0.13± 0.09

investigated the sensitivity of our conclusions to the pos-
sibility that ↵ predicted by the models is incorrect, and
find its potential e↵ect is small enough to be ignored for
the present analysis [25].

The best fit values of RE and Rhad are determined
by maximizing the likelihood function

Q
i Pi, where the

index i runs over each event in the data set and the con-
tribution of the ith event is

Pi =
X

j

pj (Xmax,i)q
2⇡�2

i,j

exp

"
� (Sresc(RE , Rhad)i,j � S(1000)i)

2

2 �2
i,j

#
.

(2)
The index j labels the di↵erent possible primaries (p, He,
N and Fe), and pj (Xmax,i) is the prior on the probability
that an event with Xmax,i has mass j, given the mass
fractions fj in the interval 1019±0.2 eV (see [8] for the fit
to the observed Xmax distribution for each HEG):

pj(Xmax) = fj Pj(Xmax) / ⌃jfj Pj(Xmax), (3)

where Pj(Xmax) is the probability density of observing
Xmax for primary type j, for the given HEG. The
variance entering Equation (2) includes (a) measurement
uncertainty of typically 12%, from the uncertainty in
the reconstruction of S(1000), the calorimetric energy
measurement, and the uncertainty in the Xmax scale, as
well as (b) the variance in the ground signals of showers
with matching LPs due to shower-to-shower fluctuations
(ranging from typically 16% for proton-initiated showers
to 5% for iron-initiated showers) and (c) the uncertainty
in separating Sµ and SEM in the simulation, and from
the limited statistics of having only three simulated
events (typically 10% for proton-initiated showers and
4% for iron-initated showers).

RESULTS AND DISCUSSION

Table I gives the values of RE and Rhad which max-
imize the likelihood of the observed ground signals, for
the various combinations of HEGs and compositions con-
sidered. The systematic uncertainties in the reconstruc-
tion of Xmax, EFD and S(1000) are propagated through
the analysis by shifting the reconstructed central val-
ues by their one-sigma systematic uncertainties. Fig. 4
shows the one-sigma statistical uncertainty ellipses in the
RE�Rhad plane; the outer boundaries of propagating the
systematic errors are shown by the grey rectangles.
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Mass composition interpretation

with L worse than that obtained from the real data. Since
the parameters in the fit are constrained by both physical
and unitarity bounds, we do not expect L to necessarily
behave like a χ2 variable and hence do not use the
ΔL ¼ 1=2 rule to obtain the statistical uncertainty on the
fit parameters. Instead, the statistical uncertainty for each
species has been determined by using a generalization
of the Feldman-Cousins procedure [12]. Known as the
profile-likelihood method [13], a multidimensional
likelihood function is reduced to a function that only
depends on the parameter of prime interest. The 68%
confidence range for each species fraction is determined
through this method by treating the other species frac-
tions as nuisance parameters. The method properly

accounts for correlations and provides a smooth tran-
sition from two-sided bounds to one-sided limits.

IV. SYSTEMATIC UNCERTAINTIES

The most important source of systematic uncertainty
considered is that on Xm

max itself as determined in Ref. [4].
The effect of this uncertainty on the fit fractions is
determined by fitting the data with model predictions
shifted in Xmax by an amount δXmax. The models are
shifted rather than the data in order to avoid statistical
artifacts resulting from rebinning of the data. Since we do
not expect the fit fractions to evolve monotonically with
respect to δXmax, we scan δXmax between þ1σ and −1σ in
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QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row. The left column displays results where protons and iron nuclei were
used, the central column also includes nitrogen nuclei, and the right column includes helium nuclei in addition.
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with L worse than that obtained from the real data. Since
the parameters in the fit are constrained by both physical
and unitarity bounds, we do not expect L to necessarily
behave like a χ2 variable and hence do not use the
ΔL ¼ 1=2 rule to obtain the statistical uncertainty on the
fit parameters. Instead, the statistical uncertainty for each
species has been determined by using a generalization
of the Feldman-Cousins procedure [12]. Known as the
profile-likelihood method [13], a multidimensional
likelihood function is reduced to a function that only
depends on the parameter of prime interest. The 68%
confidence range for each species fraction is determined
through this method by treating the other species frac-
tions as nuisance parameters. The method properly

accounts for correlations and provides a smooth tran-
sition from two-sided bounds to one-sided limits.

IV. SYSTEMATIC UNCERTAINTIES

The most important source of systematic uncertainty
considered is that on Xm

max itself as determined in Ref. [4].
The effect of this uncertainty on the fit fractions is
determined by fitting the data with model predictions
shifted in Xmax by an amount δXmax. The models are
shifted rather than the data in order to avoid statistical
artifacts resulting from rebinning of the data. Since we do
not expect the fit fractions to evolve monotonically with
respect to δXmax, we scan δXmax between þ1σ and −1σ in
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✧ Interpretation of the Xmax distribution in terms of mass composition
✧ Proton showers have deeper Xmax than iron induced showers
✧ Xmax fluctuates more for proton induced showers

iron

proton

E = 1019 eV
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