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Lowering the energy threshold: extreme altitude
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HAWC (4100 m asl)

ARGO-YBJ/LHAASO (4400 m asl) = 1, 1 energy thr.

Chacaltaya (5200 m asl) ≈2x, ≈3x energy thr.

6000 m asl ≈3x, ≈5x energy thr.

Showers of all energies have the same slope after shower 
maximum: ≈1.65x decrease per r.l. .

So, for all energies, if a detector is located one radiation 
length higher in atmosphere, the result will be a ≈1.65x 
decrease in the energy observable.

This imply that the effective areas of EAS 
detectors increases at low energies. 

• Extreme altitude (>4400 m asl)

• Detector and layout

• Coverage

• Detection of secondary photons

Lowering the energy threshold:
Sabrina Casanova 49 

From Milagro to HAWC 
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increase in size decrease in en. thr.

•  Higher altitude: 2630 m a.s.l. -> 4100 m a.s.l. ARGO-YBJ	
•  Closer to the shower maximum.

• Even at high altitudes (reasonable!) low energy photon showers are still 
detected at > 5 X0 below Xmax


• For  E = 100 GeV vertical showers,  ~ 100 e.m. particles reach the ground at 
~ 5000 m a.s.l 


• ~ 90% of the shower secondaries are photons

The low energy challenge
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@ 100 GeV  : 

•   r  = 100 m —> <ρ> ~ 0.001 photons/m2

•   r  =  10 m —> <ρ> ~ 0.015 photons/m2

•  Increasing the station area does not help to increase the individual station 

signal…


Need single-particle station sensitivity !  
!3
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r [m]
10 210

]
-2

 [mρ

5−10

4−10

3−10

2−10

1−10

1

10

photons

electrons

100 GeV

500 GeV

5 TeV



!4

Secondary particle spectra   
@ 5200 m altitude
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• WCD sensitivity to single  ~ 10 MeV - 15 MeV photons is a challenge !



Photon interactions in H2O

• At > 10 MeV : LCompton + LPair ~ 50 g/cm2 (~9/7 X0)


• 1 m H2O —> Pint = 0.86;  2 m H2O  —> Pint = 0.98


• 2 x water depth increases the interaction probability by 1.14 …
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A compact WCD concept   
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• Station signal 
• WCD should be white to lower energy threshold! 

• Timming 
• Access direct Cherenkov light pulse

Addressing new (and old…) challenges

• Gamma/hadron discrimination 
• WCD signal patterns at ground as potential discriminator 
• At higher energies muon identification is a powerful discriminant 

variable 
• Explore timming characteristics to enhance muon id
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Station layout 

• Water Cherenkov Detector


• 1.5 x 1.5 x 1 m3


• 3 x 3 matrix of SiPMs @ WCD bottom


• 3x3cm2 SiPMs


• Inner walls covered with white diffusing 
Tyvek

1.5
 m1.5 m

1.
0 

m



+  equivalent processes for μ; + hadronic processes, …

■ Geant4 provides a wide variety of physics components for use in simulation                                                              

Geant4 simulation toolkit



WCD simulation using Geant4
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– Explore	Geant4	functionalities	to	simulate	optical	photon	
production	and	propagation	:	

– Cherenkov	emission,	refraction	and	reflection	at	
boundaries,	bulk	absorption,	Rayleigh	scattering,	etc.	

– λ		dependence	of	all	the	relevant	optical	processes	and	
material	properties	also	implemented	:	

– transmission	efficiencies,	dielectric	constants,	surface	
properties,	photodetection	efficiency,…	

SiPM photodetection efficiency

Padova measurements



WCD simulation using Geant4
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UNIFIED model
(A. Levin and C. Moisan)

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

• 80%	of	which	is	diffusively	reflected;	
• 20%	is	reflected	around	the	specular	reflection	direction,	with	σα	∼	0.2o

– Explore	Geant4	functionalities	to	simulate	optical	photon	
production	and	propagation	:	
– Cherenkov	emission,	refraction	and	reflection	at	
boundaries,	bulk	absorption,	Rayleigh	scattering,	etc.	

– λ		dependence	of	all	the	relevant	optical	processes	and	
material	properties	implemented	:	
– transmission	efficiencies,	dielectric	constants,	surface	
properties,	photodetection	efficiency,…	

SiPM photodetection efficiency

• Tyvek properties “inspired” in Auger simulation parameters :-) 

Padova measurements
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RPC

Tank

RPC

 RPC based μ-hodoscope in a test WCD at Auger Observatory  

μ

Data/Simulation agreement  at % level ! 



• Standalone Geant4 

• Single particles uniformly injected at top surface


• Photons with  fixed energy and with shower energy spectra 


• Shower simulations

!12

First simulation studies



Signal size and uniformity
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Station time trace
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Incidence angle = 0o

The fast, direct light pulse, arrives within 2 ns ! 

Photons with E = 15 MeV 
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Photons with E = 15 MeV 

SiPM signal asymmetry gives additional information; to be explored ? 



γ/h separation through  muon id

• At high energies muon counting is a powerful gamma/hadron discriminator;


• Muon id is usually based on its large Cherenkov signal in the WCD; 


• Increasing Sμ/Sem :


• Increase muon track length L; reduce station area Astation


• Consider only stations at large distances to shower core : ρem and <Eem> decrease with rCore !16

Sμ ∝ L Sem ∝ (ρem × Astation × < Eem > )

µ

L

g g 

proton gamma



Muon id in a compact WCD

!17

µ

γ γ γ 

Exploring the timming and topological characteristics : 

• Fast direct Cherenkov light pulse of a single muon 
is seen mainly in only a part of the readout matrix

• The spreaded signal of several photons/electrons 
entering at random positions in the WCD  is seen 
across the whole readout matrix 



Average traces for  photons
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• For r > 40 m : Sμ ~ 25 x Sγ


• Each “photon event” consists of 25 photons injected uniformly in the WCD;


• Total signal ~ signal from a single muon
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First tests …



First tests …
Compute event by event differences of traces: muon - <gamma25>
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Differences of traces : muon - <gamma25>  
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• Preliminary, single-station,  assessment  quite promising

• Starting studies with shower events


• Explore ANN techniques

• Granada group starting to look into simulations


• Stations close to the shower core could also be used ? …

Towards Muon id with a compact WCD

PMT µ e 



New layout
“µ Telescopes” – WCDs+ RPCs

WCDs

RPC hodoscope in test WCD at Auger Observatory  

• Train and validate ANN techniques 
with data


• Study + monitor + calibrate WCD 
response



• Standalone Geant4


• Single particles uniformly injected at top surface


• Photons @ fixed E and with shower energy spectra 


• Shower simulations 

• Circular array with R = 160 m (80000 m2) @ 5200 m altitude


• Corsika showers @ LogE in [2.0,2.2] ;  θ = 10ο

!24

First simulation studies
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Station signal mean LDF 
@ 100 GeV
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Stations with detected signal
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90% of the events have > 20 active stations

@ 100 GeV 



Station signal 
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• All simulations based on an old SiPM PDE curve;  


• Recent measurements by the  Padova group on new SiPMs 
show better performance, namely towards small wavelenghts; 


• Simulations to be updated with new PDE curve…
4 GENERIC COLORIZED JOURNAL, VOL. XX, NO. XX, XXXX 2017

Fig. 3. Photo-detection efficiency measured as function of the photon wavelength for bias voltage V=33 V. il plot va rifatto mettendo ”nm” come unit
sull’asse X e levando ”%” dall’asse y.

nor on the substrate quality. (VV: da verificare a seguito delle misure effettuate sugli HD3/4).

D. PDE versus OverVoltage measurement
The layout of the experimental set up is the same shown in fig.2. The LED flasher at the fixed wavelength of 400 nm85

is driven by an Agilent 33250 in a pulse mode to produce a 40 ns pulse width. Here we used again the calibrated PMT to
determine the correct power ratio dependent on the wavelength. The PDE is obtained multiplying the calibration factor and
the ratio

PDE = npe·R
Ninc

between the number of photons recorded by the SiPM and the number of incident photons on the SiPM surface detected with90

the calibrated PMT. The histogram shown in fig. represents the spectrum in amplitude of the output SiPM signal acquired
by the oscilloscope where each of the observed peaks corresponds to a certain number of photoelectrons (the fired pixels)
distributed according a Poissonian law. We can consider the number of events Nped in the area below the first photopeak
(corresponding to 0-photons measured), that is non affected by cross talks and after pulses and use it to determine the PDE
without any bias from the noise effects. The number pe can be determined from Nped using95

npe = -ln(P(0,npe)) = -ln(Nped/Ntot) + ln(Ndark
ped /Ndark

tot ) ⇠= -ln(Nped/Ntot)

where P(0,npe) is the probability to detect 0 photons given by a Poisson distribution with mean value npe and Ntot is the total
number of acquired events (1000 in our case). The second term of the equation gives a negligible contribution so we do not
consider it. Nped is calculated by fitting the pedestal peak with a gaussian function and integrating it around the mean value
in an interval of ±3�. The number of incident photons on the SiPM surface is obtained as Ninc = PoptT/h⌫ where Popt is the100

optical power of the light measured with the reference PMT, T is the pulse width (40 ns), h the Planck constant and ⌫ is the
incoming led flasher frequency. Then we calculated the number of the photons collected by the PMT in position SiPM (port of
the sphere downstream the iris diaphragm P2) and in position PMT (upper port of the sphere P1) measuring at the oscilloscope
the areas subtended by the distributions of the PMT signals and dividing this numbers by the oscilloscope impedance (50⌦),
the electron charge, the Gain and Quantum Efficiency of the PMT in order to get the number of photons measured by PMT105

in the two positions. The last two numbers have been extracted from the PMT reference table for the corrispondent power
supply (at 700V the QE is 22% and the Gain is 2⇥105). The calibration ratio R is obtained from the ratio between area in P1
and area in P2. Finally the PDE is calculated according the formula at different bias voltages obtaining the curves shown in
fig.II-D.

E. Response of SiPMs to light pulses110

The response of SiPMs to laser light pulses has been analyzed to determine the device gain and correlated noise. The device
has been illuminated with a pulsed laser light at 380 nm. For each seeting, a few thousands waveforms over a wide bias voltage
interval, between 1-2 and 12-13 V of over-voltage (OV), have been collected.

PRELIMINARY



Summary
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• First considerations on a compact WCD with SiPM readout 

• Triggering at 100 GeV difficult, but may be achievable…


• Timing, using fast direct light pulse, at the level of 2 ns


• Muon id exploring time trace and using ANN is promising

—> Small core (about 100 stations) complemented with RPC hodoscopes 

• Nothing yet optimised… WCD dimensions, light readout, … 



END
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EM energy  @ 5000 m

• For Eem ~ 1 GeV   —>  ~ 100  photons @ ground, each with a typical energy of 10 MeV - 15 MeV


• WCD sensitivity to single  ~ 10 MeV photons is a challenge !
!31

Log10(Eem/E0)

4

Fig. 3 Distributions of the number of muons within 100 m of
the impact point as a function of ground-level electromagnetic
energy for vertical showers observed at 5 km altitude. Proton
(blue) and �-ray (red) initiated showers of di↵erent energies
are shown, with the area of the squares scaling linearly with
density.

resented by the lines in Figures 5 and 6. The fit param-
eters are given in Appendix B.

Well above detection threshold e↵ects, the collec-
tion area of an ASPD for well-measured showers can be
considered equal to the projected footprint of the ar-
ray. Around the threshold however, the collection area
is strongly zenith angle and primary energy dependent,
with showers fluctuating deep in the atmosphere pro-
viding some collection area at the lowest accessible en-
ergies. To first approximation the detectability of a �-
ray shower at ground level depends on the arriving EM
energy Eem, and the collection area on the fraction of
showers that have Eem above a threshold value for a
given primary energy and slant depth. In Figure 7, this
fraction is shown as a function of slant depth, with
an assumed threshold Eem >10 GeV. This threshold
has been chosen as an example of an optimistic detec-
tion threshold for a future observatory. Figure 7 com-
pares the results of the full Monte-Carlo shower simu-
lations (markers) with the parameterisations given in
Appendix B (lines, see Figures 5 and 6). The agree-
ment between the full Monte-Carlo and simple param-
eterisation is reasonable, illustrating the usefulness of
the parameterisations. As for Figures 5 and 6, the de-
pendency on slant depth is typically stronger for the
�-ray induced air showers, which is expected for pure
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Fig. 4 Distributions of the electromagnetic energy that
reaches the ground at 5 km altitude for vertical showers, ex-
pressed as a fraction of the primary particle energy xem =
Eem/E. �-ray initiated showers are shown in the top panel
and protons in the bottom panel.

electromagnetic cascades. We would like to remark here
that the behaviour is very smooth as a function of slant
depth, while individual markers at similar slant depth
correspond to a wide range of zenith angles.

5 Lateral Extent

In addition to the total Eem that reaches the ground,
the area over which this energy is spread is a crucial
parameter in shower detectability for a given array de-
sign. We adopt the radius r50, in which 50% of the
total electromagnetic energy that reaches the ground is
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1 GeV 2.5 GeVEem for E0 = 100 GeV : 
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Mean energy
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Std Dev     1.055

0 5 10 15 20
fStations.fNPhotons

210

310

410

510

Entries  632813
Mean    1.688
Std Dev     1.055

fStations.fNPhotons

Entries  632813
Mean     0.13
Std Dev    0.3659

0 5 10
fStations.fNElectrons

1

10

210

310

410

510

610
Entries  632813
Mean     0.13
Std Dev    0.3659

fStations.fNElectrons

~ 80% of the stations have only 1 photon

# particles per station 
@ 100 GeV
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