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Ultra High-Energy Cosmic Rays (UHECR)

<latexit sha1_base64="dsZQxhLax1a0GFUdweaG20HcD+Y=">AAACFnicbVC7TsMwFHXKq5RXgJHFokViaZVUCBgrWBiLRB9SEyrHdVurdhLZDlIUhZ9g4VdYGECIFbHxNzhthtJyJEvnnnOvru/xQkalsqwfo7Cyura+UdwsbW3v7O6Z+wdtGUQCkxYOWCC6HpKEUZ+0FFWMdENBEPcY6XiT68zvPBAhaeDfqTgkLkcjnw4pRkpLfbNaccIxdSTltnWfVOvpY+IIDic8natikVV2WumbZatmTQGXiZ2TMsjR7JvfziDAESe+wgxJ2bOtULkJEopiRtKSE0kSIjxBI9LT1EecSDeZnpXCE60M4DAQ+vkKTtX5iQRxKWPu6U6O1Fguepn4n9eL1PDSTagfRor4eLZoGDGoAphlBAdUEKxYrAnCguq/QjxGAmGlkyzpEOzFk5dJu16zz2tnt/Vy4yqPowiOwDE4BTa4AA1wA5qgBTB4Ai/gDbwbz8ar8WF8zloLRj5zCP7A+PoFXe6e4g==</latexit>

� ⇠ 10�2 km�2 yr�1

Where?
Astrophysical sources of UHECR

How?
Acceleration mechanisms

What?
Mass composition



Hybrid Showers



High energy hadronic interaction

Fluorescence light 
detector

Hadron cascade turns off quickly

Energetic particle ionize 
atmosphere nuclei (mostly N)
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<latexit sha1_base64="9LXUZ0R6hhHe1XNuEUIW6Rpi44Y=">AAACF3icbVC7TsMwFHXKq5RXgZHFokViCkmEgLGChbFI9CG1JXIcp7VqO5HtIFVR+AoWfoWFAYRYYeNvcB8DtBzp6h6dc6/se4KEUaUd59sqLC2vrK4V10sbm1vbO+XdvaaKU4lJA8cslu0AKcKoIA1NNSPtRBLEA0ZawfBq7LfuiVQ0Frd6lJAeR31BI4qRNpJftqttP8u6ksO+jFMR5nlXUQ5dz3EepnJ+MumY53de1S9XHNuZAC4Sd0YqYIa6X/7qhjFOOREaM6RUx3US3cuQ1BQzkpe6qSIJwkPUJx1DBeJE9bLJXTk8MkoIo1iaEhpO1N8bGeJKjXhgJjnSAzXvjcX/vE6qo4teRkWSaiLw9KEoZVDHcBwSDKkkWLORIQhLav4K8QBJhLWJsmRCcOdPXiRNz3bP7NMbr1K7nMVRBAfgEBwDF5yDGrgGddAAGDyCZ/AK3qwn68V6tz6mowVrtrMP/sD6/AGraZ75</latexit>

Xground ⇠ 1200 g/cm2

<latexit sha1_base64="cdCkqXf77rsGXZsBrEVOKSmpgOs=">AAACCXicbVC7SgNBFJ31GeMramkzmAhWYTeIWgZtLCOYByQhzE5ukiEzu8vMXUlYtrXxV2wsFLH1D+z8GyePQhMPXDicc+/MvcePpDDout/Oyura+sZmZiu7vbO7t587OKyZMNYcqjyUoW74zIAUAVRRoIRGpIEpX0LdH95M/PoDaCPC4B7HEbQV6weiJzhDK3VytNBCGOH0oURDN00anSRpaUUVG6VpWujk8m7RnYIuE29O8mSOSif31eqGPFYQIJfMmKbnRthOmEbBJaTZVmwgYnzI+tC0NGAKTDuZLpDSU6t0aS/UtgKkU/X3RMKUMWPl207FcGAWvYn4n9eMsXfVTkQQxQgBn33UiyXFkE5ioV2hgaMcW8K4FnZXygdMM442vKwNwVs8eZnUSkXvonh+V8qXr+dxZMgxOSFnxCOXpExuSYVUCSeP5Jm8kjfnyXlx3p2PWeuKM585In/gfP4AnqOa7Q==</latexit>

Xmax

<latexit sha1_base64="JziW9we6OXQAbWXJr2r6JjAoeE4=">AAACHnicbVDLSgMxFM3UV62vUZdugq3gxjJTfC2rIrisYB/QKSWTpm1oHkOSEcvQL3Hjr7hxoYjgSv/GtJ2Fth4IHM65l5tzwohRbTzv28ksLC4tr2RXc2vrG5tb7vZOTctYYVLFkknVCJEmjApSNdQw0ogUQTxkpB4OrsZ+/Z4oTaW4M8OItDjqCdqlGBkrtd2TQsCQ6DECG+0kUBxy9DCCgZpqQaRkZCQMmOzBa3g0JReFtpv3it4EcJ74KcmDFJW2+xl0JI45EQYzpHXT9yLTSpAyFDMyygWxJhHCA9QjTUsF4kS3kkm8ETywSgd2pbJPGDhRf28kiGs95KGd5Mj09aw3Fv/zmrHpnrcSKqLYEIGnh7oxgzbxuCvYoYpgw4aWIKyo/SvEfaQQNrbRnC3Bn408T2qlon9aPL4t5cuXaR1ZsAf2wSHwwRkogxtQAVWAwSN4Bq/gzXlyXpx352M6mnHSnV3wB87XD7KkoO8=</latexit>

hXmaxi / logE � logA

Hybrid Showers
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(Lipari: 2012.06861)

Different models, which 
one to use? 

(Not in this talk, but interesting problem)

Auger data seems to indicate heavier primaries at higher energies 

Simulations perfomed with 
CORSIKA 

(https://www.iap.kit.edu/corsika/)
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What has been done

What we propose

<latexit sha1_base64="km75smdJxWuFegmOZytqg7vVrQ0="></latexit>

Fit Xmax distribution with mixture
<latexit sha1_base64="PokRwkO8FF+tJPPiIvJwYGFytD8="></latexit>

(p, He, N, Fe)

(Arsene, Sima: 2001.02667)

<latexit sha1_base64="4foXTNAp3uvf4qRYPENmYax2vtI="></latexit>

p ⇠ 65%, N ⇠ 35%

(Auger Coll.: 1409.5083)
(Lipari: 2012.06861)

Bin and count

<latexit sha1_base64="UaFE2QEi/w1QfLNwHXSCwB1s7GI="></latexit>

w = (wp, wHe, . . . , wFe)
<latexit sha1_base64="yajHoGmCvV1HbksjYNPQhtjKAws="></latexit>

26X

i

wi = 1 25 free parameters

Decompose distribution in moments Unbinned likelihood

Faster computation with Nested Sampling
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<latexit sha1_base64="UaFE2QEi/w1QfLNwHXSCwB1s7GI="></latexit>

w = (wp, wHe, . . . , wFe)
<latexit sha1_base64="yajHoGmCvV1HbksjYNPQhtjKAws="></latexit>

26X

i

wi = 1 25 free parameters

What has been done

What we propose

<latexit sha1_base64="km75smdJxWuFegmOZytqg7vVrQ0="></latexit>

Fit Xmax distribution with mixture
<latexit sha1_base64="PokRwkO8FF+tJPPiIvJwYGFytD8="></latexit>

(p, He, N, Fe)

(Arsene, Sima: 2001.02667)

<latexit sha1_base64="4foXTNAp3uvf4qRYPENmYax2vtI="></latexit>

p ⇠ 65%, N ⇠ 35%

(Auger Coll.: 1409.5083)
(Lipari: 2012.06861)

Bin and count

Decompose distribution in moments Unbinned likelihood

Faster computation with Nested Sampling
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Problem is reduced to fit vector of moments

<latexit sha1_base64="uUtIB/xQAsK+EU/orLEnUHCtyVY="></latexit>

L̃(z, w) = Nn

⇣
z | µ̃, ⌃̃

⌘
⇥Nn

⇣
z | µw,⌃w

⌘

<latexit sha1_base64="aPCH6iAw1pf9Hxih6S4hSSc4ZrY="></latexit>

L(w) =
Z

L̃(z, w) dnz

Assume a flat prior (Dirichlet distribution) and Maximize log-likelihood

<latexit sha1_base64="t47pHemn8waPZlG5M8Xlnl3xMLw="></latexit>

P(w) =
L(w) Dir(w,↵)R

L(w) Dir(w,↵) dDw

Data Simulations
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Full (cumulative) composition - EPOS

Can exclude 100% proton 
compositions
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<latexit sha1_base64="UMR0LariXm7OzP7WS2QwjmrsW0A=">AAACEHicbZDLSgMxFIYzXmu9jbp0E2xFV2WmiLosCuKygr1gO5RMeqYNzWSGJFMopY/gxldx40IRty7d+TZm2llo6w+Bj/+ck+T8fsyZ0o7zbS0tr6yurec28ptb2zu79t5+XUWJpFCjEY9k0ycKOBNQ00xzaMYSSOhzaPiD67TeGIJULBL3ehSDF5KeYAGjRBurY5/cSEJTxFGAgUMIQivcBzJkILHuE4GLDx2n2LELTsmZCi+Cm0EBZap27K92N6JJeh/lRKmW68TaGxOpGeUwybcTBTGhA9KDlkFBQlDeeLrQBB8bp4uDSJojNJ66vyfGJFRqFPqmMyS6r+ZrqflfrZXo4NIbMxEnGgSdPRQkHOsIp+ngLpNANR8ZIFQy81dM+ySNyGSYNyG48ysvQr1ccs9LZ3flQuUqiyOHDtEROkUuukAVdIuqqIYoekTP6BW9WU/Wi/Vufcxal6xs5gD9kfX5AyVSnAA=</latexit>

Fraction of elements heavier than Z0

Results are unchanged increasing 
the number of features

N.B.: publicly available data is 
very limited (few hundreds of 

events)
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Hybrid

How much information is added? 

Including ground data

<latexit sha1_base64="HvKQ+gMDD+oV7xShVIm+YNeOX9Q=">AAACAnicbVDLSsNAFJ34rPUVdSVugq1QoYSkiLoRim5cSQX7gDaEyXTSDp1MwsxEDCG48VfcuFDErV/hzr9x2mahrQcuHM65l3vv8SJKhLSsb21hcWl5ZbWwVlzf2Nza1nd2WyKMOcJNFNKQdzwoMCUMNyWRFHcijmHgUdz2Rldjv32PuSAhu5NJhJ0ADhjxCYJSSa6+X04rDy6pJi45ztyUXNhV0zSrN1nZ1UuWaU1gzBM7JyWQo+HqX71+iOIAM4koFKJrW5F0UsglQRRnxV4scATRCA5wV1EGAyycdPJCZhwppW/4IVfFpDFRf0+kMBAiCTzVGUA5FLPeWPzP68bSP3dSwqJYYoami/yYGjI0xnkYfcIxkjRRBCJO1K0GGkIOkVSpFVUI9uzL86RVM+1T8+S2Vqpf5nEUwAE4BBVggzNQB9egAZoAgUfwDF7Bm/akvWjv2se0dUHLZ/bAH2ifPw48lUg=</latexit>

(xi, yi)i=1,...,N

Non-Hybrid

FD SD

<latexit sha1_base64="ZTGFKsA6X4nbhARXxUdqr7QwW/c="></latexit>

Correlation ⇢(x, y) = Cov(x,y)
�(x)�(y) Assumption:  

the underlying distribution of events 
is the same for both sets 

<latexit sha1_base64="x52rOWYvwjfhv9x/VIYF1vsOUSw="></latexit>

(x̂(ŷj), ŷj)j=1,...,M
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Including ground data

Effective factor of included events

<latexit sha1_base64="CKAy19ZTFWypqdLvrpsx5UQqxlw=">AAACG3icbVDLSsNAFJ3UV62vqEs3g61QoYSkiLoRSt24rGAf0IQwmU7boZMHMxMxhPyHG3/FjQtFXAku/BunbRbaeuDC4Zx7ufceL2JUSNP81gorq2vrG8XN0tb2zu6evn/QEWHMMWnjkIW85yFBGA1IW1LJSC/iBPkeI11vcj31u/eECxoGdzKJiOOjUUCHFCOpJFevV1IbIwZ7mWsTxuAVtFNYfXBpLXHpKbQzN811q2YYRq2ZVVy9bBrmDHCZWDkpgxwtV/+0ByGOfRJIzJAQfcuMpJMiLilmJCvZsSARwhM0In1FA+QT4aSz3zJ4opQBHIZcVSDhTP09kSJfiMT3VKeP5FgselPxP68fy+Glk9IgiiUJ8HzRMGZQhnAaFBxQTrBkiSIIc6puhXiMOMJSxVlSIViLLy+TTt2wzo2z23q50czjKIIjcAyqwAIXoAFuQAu0AQaP4Bm8gjftSXvR3rWPeWtBy2cOwR9oXz+2OZ4P</latexit>

X` = {(xi, yi)}`=1,...,B
<latexit sha1_base64="oq9tZMOLphw9iwFDhu1cVToB/f4=">AAACIHicbVDLSgNBEJz1bXxFPXoZjIKnsCtivAiiF48KRoUkhNlJbxycFzO9YljyKV78FS8eFNGbfo2TmIOvgoaiqnumu1Irhcc4fo/Gxicmp6ZnZktz8wuLS+XllXNvcsehzo007jJlHqTQUEeBEi6tA6ZSCRfp9dHAv7gB54XRZ9iz0FKsq0UmOMMgtcu1JsItDt8pHHT6xcYh3acbVOcqBUdNRlNj0KNj1grdpZ4pK8H32+VKXI2HoH9JMiIVMsJJu/zW7BieK9DIJfO+kcQWWwVzKLiEfqmZe7CMX7MuNALVTIFvFcPF+nQzKB2aGRdKIx2q3ycKprzvqTR0KoZX/rc3EP/zGjlme61CaJsjaP71UZZLioYO0qId4YCj7AXCuBNhV8qvmGMcQ6alEELy++S/5Hy7muxWd063KweHozhmyBpZJ1skITVyQI7JCakTTu7IA3kiz9F99Bi9RK9frWPRaGaV/ED08Qk9dKOp</latexit>

B = number of bootstrapping samples

<latexit sha1_base64="ETuCVPaZe20Fj8nBywOOfChMtn8="></latexit>

X inf
` = {(x̂(ŷj), ŷj)}`=1,...,B

<latexit sha1_base64="TQFGr9ufSu0s+P77qflST6ei+Cw="></latexit>

X comb
l = X` [ X inf

` = {(X,Y )}`

<latexit sha1_base64="tfF+CZskeEDY1zZYHBFEjhMbG6o=">AAACI3icbVDLSgNBEJz1bXytevQymAjxEnaDqHgSvXiMYGIgG8LspNcMmX040xsMy/6LF3/FiwdFvHjwX5w8DmosaCiquunu8hMpNDrOpzU3v7C4tLyyWlhb39jcsrd3GjpOFYc6j2Wsmj7TIEUEdRQooZkoYKEv4dbvX4782wEoLeLoBocJtEN2F4lAcIZG6thnpYBSD+5TMaBeoBjPPIQHzBpM5WXPZ4o+HOYzWvMwp6WOXXQqzhh0lrhTUiRT1Dr2u9eNeRpChFwyrVuuk2A7YwoFl5AXvFRDwnif3UHL0IiFoNvZ+MecHhilS4NYmYqQjtWfExkLtR6GvukMGfb0X28k/ue1UgxO25mIkhQh4pNFQSopxnQUGO0KBRzl0BDGlTC3Ut5jJik0sRZMCO7fl2dJo1pxjytH19Xi+cU0jhWyR/ZJmbjkhJyTK1IjdcLJI3kmr+TNerJerHfrY9I6Z01ndskvWF/fEi+j6g==</latexit>

f ⌘ Var(x̄)
Var(X̄)

<latexit sha1_base64="mZO1ews54Hx2fKlaQzjcwQD51T4=">AAACDnicbVDLSgNBEJyNrxhfqx69DCaBCBJ2g6jHoAc9RjAPSJYwO+lNxsw+mJkVw5Iv8OKvePGgiFfP3vwbZ5McNLGgoajqprvLjTiTyrK+jczS8srqWnY9t7G5tb1j7u41ZBgLCnUa8lC0XCKBswDqiikOrUgA8V0OTXd4mfrNexCShcGtGkXg+KQfMI9RorTUNYtXoPBdyAKFe3qbYG6cGhIXat0OcF56OB4dFbpm3ipbE+BFYs9IHs1Q65pfnV5IYx8CRTmRsm1bkXISIhSjHMa5TiwhInRI+tDWNCA+SCeZvDPGRa30sBcKXfquifp7IiG+lCPf1Z0+UQM576Xif147Vt65k7AgihUEdLrIizlWIU6z0QkIoIqPNCFUMH0rpgMiCFU6wZwOwZ5/eZE0KmX7tHxyU8lXL2ZxZNEBOkQlZKMzVEXXqIbqiKJH9Ixe0ZvxZLwY78bHtDVjzGb20R8Ynz/ge5tZ</latexit>

Get joint distributions P`(x, y)
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Including ground data

With ~70% correlation we can 
effectively double the statistical 

power 

ρ~30% with (non)-linear fits 
  

ρ~70% with Deep Neural Network
(Auger Coll.: 2101.02946)

(Auger Coll.: 1710.07249)
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Including ground data

Projecting for larger datasets (but still a small fraction of the full)
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• We build a simple framework for inference of UHECR mass composition 

• n = 3 moments are good discriminating features  

• Limited by very low statistics 

• Many ideas for improvements

Summary
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Backup slides
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Extensive Air Showers (EAS)
High energy hadronic interaction

Cherenkov detectors

Fluorescence light 
detector

Hadron cascade turns off quickly

Energetic particle ionize 
atmosphere nuclei (mostly N)

EM cascade arrives on ground with 
most of the energy (mostly muons)
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<latexit sha1_base64="9LXUZ0R6hhHe1XNuEUIW6Rpi44Y=">AAACF3icbVC7TsMwFHXKq5RXgZHFokViCkmEgLGChbFI9CG1JXIcp7VqO5HtIFVR+AoWfoWFAYRYYeNvcB8DtBzp6h6dc6/se4KEUaUd59sqLC2vrK4V10sbm1vbO+XdvaaKU4lJA8cslu0AKcKoIA1NNSPtRBLEA0ZawfBq7LfuiVQ0Frd6lJAeR31BI4qRNpJftqttP8u6ksO+jFMR5nlXUQ5dz3EepnJ+MumY53de1S9XHNuZAC4Sd0YqYIa6X/7qhjFOOREaM6RUx3US3cuQ1BQzkpe6qSIJwkPUJx1DBeJE9bLJXTk8MkoIo1iaEhpO1N8bGeJKjXhgJjnSAzXvjcX/vE6qo4teRkWSaiLw9KEoZVDHcBwSDKkkWLORIQhLav4K8QBJhLWJsmRCcOdPXiRNz3bP7NMbr1K7nMVRBAfgEBwDF5yDGrgGddAAGDyCZ/AK3qwn68V6tz6mowVrtrMP/sD6/AGraZ75</latexit>

Xground ⇠ 1200 g/cm2

<latexit sha1_base64="cdCkqXf77rsGXZsBrEVOKSmpgOs=">AAACCXicbVC7SgNBFJ31GeMramkzmAhWYTeIWgZtLCOYByQhzE5ukiEzu8vMXUlYtrXxV2wsFLH1D+z8GyePQhMPXDicc+/MvcePpDDout/Oyura+sZmZiu7vbO7t587OKyZMNYcqjyUoW74zIAUAVRRoIRGpIEpX0LdH95M/PoDaCPC4B7HEbQV6weiJzhDK3VytNBCGOH0oURDN00anSRpaUUVG6VpWujk8m7RnYIuE29O8mSOSif31eqGPFYQIJfMmKbnRthOmEbBJaTZVmwgYnzI+tC0NGAKTDuZLpDSU6t0aS/UtgKkU/X3RMKUMWPl207FcGAWvYn4n9eMsXfVTkQQxQgBn33UiyXFkE5ioV2hgaMcW8K4FnZXygdMM442vKwNwVs8eZnUSkXvonh+V8qXr+dxZMgxOSFnxCOXpExuSYVUCSeP5Jm8kjfnyXlx3p2PWeuKM585In/gfP4AnqOa7Q==</latexit>

Xmax

<latexit sha1_base64="SmdOv4CbRtjXWNsr+CcwSEjfjtQ="></latexit>

fGH(X) =
�
dE
dX

�
max

⇣
X�X0

Xmax�X0

⌘Xmax�X0
�

exp
�
Xmax�X

�

�
(Gaisser, Hillas, ’77)
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Interlude: Bayesian inference
<latexit sha1_base64="G6l4B5ddsD34opkwpdqv7KB882Y=">AAACD3icbZDLSgMxFIYz9V5vVZdugq3iQspMEXUjiG5cVrBaaIfhTJrR0ExmSM6IZegbuPFV3LhQxK1bd76N6WWh1h8CH/85J8n5w1QKg6775RSmpmdm5+YXiotLyyurpbX1K5NkmvEGS2SimyEYLoXiDRQoeTPVHOJQ8uuwezaoX99xbUSiLrGXcj+GGyUiwQCtFZR2Knk7jGizT4/pfeDttTsJmj2LqkI7gEANxKnkQansVt 2h6CR4YyiTsepB6dPexLKYK2QSjGl5bop+DhoFk7xfbGeGp8C6cMNbFhXE3Pj5cJ8+3bZOh0aJtkchHbo/J3KIjenFoe2MAW/N39rA/K/WyjA68nOh0gy5YqOHokxSTOggHNoRmjOUPQvAtLB/pewWNDC0ERZtCN7flSfhqlb1Dqr7F7Xyyek4jnmySbbILvHIITkh56ROGoSRB/JEXsir8+g8O2/O+6i14IxnNsgvOR/f8TOavg==</latexit>

X = x1, . . . , xn data sample
<latexit sha1_base64="4bV0zPt41qK17jN36zd7ZQzwd+Q=">AAACEXicbVDLSgMxFM34rPVVdekm2BEqSJkpoi6LblxWsA/oDCWTpm1oZiYkd6Sl9hfc+CtuXCji1p07/8ZM24W2HggczjmXm3sCKbgGx/m2lpZXVtfWMxvZza3tnd3c3n5Nx4mirEpjEatGQDQTPGJV4CBYQypGwkCwetC/Tv36PVOax9EdDCXzQ9KNeIdTAkZq5Qq2Bz0GxMaSKBIyMNlTbA88zUMsC4OHqX1it3J5p+hMgBeJOyN5NEOllfvy2jFNQhYBFUTrputI8EdEAaeCjbNeopkktE+6rGloZJZrfzS5aIyPjdLGnViZFwGeqL8nRiTUehgGJhkS6Ol5LxX/85oJdC79EY9kAiyi00WdRGCIcVoPbnPFKIihIYQqbv6Kac80Q9NisqYEd/7kRVIrFd3z4tltKV++mtWRQYfoCBWQiy5QGd2gCqoiih7RM3pFb9aT9WK9Wx/T6JI1mzlAf2B9/gCnXZxI</latexit>

✓ parameters, x ⇠ p(x|✓)

<latexit sha1_base64="77qSSwk4YHbCyKWQuv8ZhxW5tuA="></latexit>

Maximum Likelihood Estimate (MLE): select ✓ that maxime L
Maximum a Posteriori Estimation (MPE) for Bayesian people

Posterior distribution

<latexit sha1_base64="ZNLD4ggyg7PQMzMMFGNUr8hdw+4="></latexit>

P (✓|X) = P (X|✓)P (✓)
P (X) = L(✓|X)P (✓)R

L(✓|X)P (✓)d✓

Prior distribution

Evidence

Likelihood
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Interlude: Bayesian inference
<latexit sha1_base64="G6l4B5ddsD34opkwpdqv7KB882Y=">AAACD3icbZDLSgMxFIYz9V5vVZdugq3iQspMEXUjiG5cVrBaaIfhTJrR0ExmSM6IZegbuPFV3LhQxK1bd76N6WWh1h8CH/85J8n5w1QKg6775RSmpmdm5+YXiotLyyurpbX1K5NkmvEGS2SimyEYLoXiDRQoeTPVHOJQ8uuwezaoX99xbUSiLrGXcj+GGyUiwQCtFZR2Knk7jGizT4/pfeDttTsJmj2LqkI7gEANxKnkQansVt 2h6CR4YyiTsepB6dPexLKYK2QSjGl5bop+DhoFk7xfbGeGp8C6cMNbFhXE3Pj5cJ8+3bZOh0aJtkchHbo/J3KIjenFoe2MAW/N39rA/K/WyjA68nOh0gy5YqOHokxSTOggHNoRmjOUPQvAtLB/pewWNDC0ERZtCN7flSfhqlb1Dqr7F7Xyyek4jnmySbbILvHIITkh56ROGoSRB/JEXsir8+g8O2/O+6i14IxnNsgvOR/f8TOavg==</latexit>

X = x1, . . . , xn data sample

Posterior distribution

<latexit sha1_base64="ZNLD4ggyg7PQMzMMFGNUr8hdw+4="></latexit>

P (✓|X) = P (X|✓)P (✓)
P (X) = L(✓|X)P (✓)R

L(✓|X)P (✓)d✓

Prior distribution

Evidence

Likelihood

<latexit sha1_base64="4bV0zPt41qK17jN36zd7ZQzwd+Q=">AAACEXicbVDLSgMxFM34rPVVdekm2BEqSJkpoi6LblxWsA/oDCWTpm1oZiYkd6Sl9hfc+CtuXCji1p07/8ZM24W2HggczjmXm3sCKbgGx/m2lpZXVtfWMxvZza3tnd3c3n5Nx4mirEpjEatGQDQTPGJV4CBYQypGwkCwetC/Tv36PVOax9EdDCXzQ9KNeIdTAkZq5Qq2Bz0GxMaSKBIyMNlTbA88zUMsC4OHqX1it3J5p+hMgBeJOyN5NEOllfvy2jFNQhYBFUTrputI8EdEAaeCjbNeopkktE+6rGloZJZrfzS5aIyPjdLGnViZFwGeqL8nRiTUehgGJhkS6Ol5LxX/85oJdC79EY9kAiyi00WdRGCIcVoPbnPFKIihIYQqbv6Kac80Q9NisqYEd/7kRVIrFd3z4tltKV++mtWRQYfoCBWQiy5QGd2gCqoiih7RM3pFb9aT9WK9Wx/T6JI1mzlAf2B9/gCnXZxI</latexit>

✓ parameters, x ⇠ p(x|✓)

<latexit sha1_base64="77qSSwk4YHbCyKWQuv8ZhxW5tuA="></latexit>

Maximum Likelihood Estimate (MLE): select ✓ that maxime L
Maximum a Posteriori Estimation (MPE) for Bayesian people

<latexit sha1_base64="0QhPIf9B7vzBaK+kBFAu698/EkY=">AAACF3icbVDLTsMwEHR4lvIKcORiUZA4VUmFgCOCC8ci0VKpqSrH3YBVOwn2pqKK8hdc+BUuHECIK9z4G9zHgddIK41mdu3dCVMpDHrepzMzOze/sFhaKi+vrK6tuxubTZNkmkODJzLRrZAZkCKGBgqU0Eo1MBVKuAr7ZyP/agDaiCS+xGEKHcWuYxEJztBKXbe6GyDc4fihPJQZFHkehBFtFTSA20wMaKubB1pRxe6KYrfrVr yqNwb9S/wpqZAp6l33I+glPFMQI5fMmLbvpdjJmUbBJRTlIDOQMt5n19C2NGYKTCcfr1PQPav0aJRoWzHSsfp9ImfKmKEKbadieGN+eyPxP6+dYXTcyUWcZggxn3wUZZJiQkch0Z7QwFEOLWFcC7sr5TdMM442yrINwf998l/SrFX9w+rBRa1ycjqNo0S2yQ7ZJz45IifknNRJg3ByTx7JM3lxHpwn59V5m7TOONOZLfIDzvsXwcugSA==</latexit>

X ⌘ Xmax
<latexit sha1_base64="QSdV92K0JoSeunYWzBR2D5GdvO0="></latexit>

✓ ⌘ w = (wp, wHe, . . . , wFe)
P

i wi = 1
<latexit sha1_base64="yc2sx972Vwtik/qCabKNCWc2/94="></latexit>

L(✓|X) from simulations
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Interlude: Bayesian inference
<latexit sha1_base64="G6l4B5ddsD34opkwpdqv7KB882Y=">AAACD3icbZDLSgMxFIYz9V5vVZdugq3iQspMEXUjiG5cVrBaaIfhTJrR0ExmSM6IZegbuPFV3LhQxK1bd76N6WWh1h8CH/85J8n5w1QKg6775RSmpmdm5+YXiotLyyurpbX1K5NkmvEGS2SimyEYLoXiDRQoeTPVHOJQ8uuwezaoX99xbUSiLrGXcj+GGyUiwQCtFZR2Knk7jGizT4/pfeDttTsJmj2LqkI7gEANxKnkQansVt 2h6CR4YyiTsepB6dPexLKYK2QSjGl5bop+DhoFk7xfbGeGp8C6cMNbFhXE3Pj5cJ8+3bZOh0aJtkchHbo/J3KIjenFoe2MAW/N39rA/K/WyjA68nOh0gy5YqOHokxSTOggHNoRmjOUPQvAtLB/pewWNDC0ERZtCN7flSfhqlb1Dqr7F7Xyyek4jnmySbbILvHIITkh56ROGoSRB/JEXsir8+g8O2/O+6i14IxnNsgvOR/f8TOavg==</latexit>

X = x1, . . . , xn data sample

Posterior distribution

<latexit sha1_base64="ZNLD4ggyg7PQMzMMFGNUr8hdw+4="></latexit>

P (✓|X) = P (X|✓)P (✓)
P (X) = L(✓|X)P (✓)R

L(✓|X)P (✓)d✓

Prior distribution

Evidence

Likelihood

<latexit sha1_base64="4bV0zPt41qK17jN36zd7ZQzwd+Q=">AAACEXicbVDLSgMxFM34rPVVdekm2BEqSJkpoi6LblxWsA/oDCWTpm1oZiYkd6Sl9hfc+CtuXCji1p07/8ZM24W2HggczjmXm3sCKbgGx/m2lpZXVtfWMxvZza3tnd3c3n5Nx4mirEpjEatGQDQTPGJV4CBYQypGwkCwetC/Tv36PVOax9EdDCXzQ9KNeIdTAkZq5Qq2Bz0GxMaSKBIyMNlTbA88zUMsC4OHqX1it3J5p+hMgBeJOyN5NEOllfvy2jFNQhYBFUTrputI8EdEAaeCjbNeopkktE+6rGloZJZrfzS5aIyPjdLGnViZFwGeqL8nRiTUehgGJhkS6Ol5LxX/85oJdC79EY9kAiyi00WdRGCIcVoPbnPFKIihIYQqbv6Kac80Q9NisqYEd/7kRVIrFd3z4tltKV++mtWRQYfoCBWQiy5QGd2gCqoiih7RM3pFb9aT9WK9Wx/T6JI1mzlAf2B9/gCnXZxI</latexit>

✓ parameters, x ⇠ p(x|✓)

<latexit sha1_base64="77qSSwk4YHbCyKWQuv8ZhxW5tuA="></latexit>

Maximum Likelihood Estimate (MLE): select ✓ that maxime L
Maximum a Posteriori Estimation (MPE) for Bayesian people

<latexit sha1_base64="0QhPIf9B7vzBaK+kBFAu698/EkY=">AAACF3icbVDLTsMwEHR4lvIKcORiUZA4VUmFgCOCC8ci0VKpqSrH3YBVOwn2pqKK8hdc+BUuHECIK9z4G9zHgddIK41mdu3dCVMpDHrepzMzOze/sFhaKi+vrK6tuxubTZNkmkODJzLRrZAZkCKGBgqU0Eo1MBVKuAr7ZyP/agDaiCS+xGEKHcWuYxEJztBKXbe6GyDc4fihPJQZFHkehBFtFTSA20wMaKubB1pRxe6KYrfrVr yqNwb9S/wpqZAp6l33I+glPFMQI5fMmLbvpdjJmUbBJRTlIDOQMt5n19C2NGYKTCcfr1PQPav0aJRoWzHSsfp9ImfKmKEKbadieGN+eyPxP6+dYXTcyUWcZggxn3wUZZJiQkch0Z7QwFEOLWFcC7sr5TdMM442yrINwf998l/SrFX9w+rBRa1ycjqNo0S2yQ7ZJz45IifknNRJg3ByTx7JM3lxHpwn59V5m7TOONOZLfIDzvsXwcugSA==</latexit>

X ⌘ Xmax
<latexit sha1_base64="QSdV92K0JoSeunYWzBR2D5GdvO0="></latexit>

✓ ⌘ w = (wp, wHe, . . . , wFe)
P

i wi = 1
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(Lipari: 2012.06861)

Single or two-element mixture cannot reproduce the data

Simulations perfomed with 
CORSIKA 

(https://www.iap.kit.edu/corsika/)

<latexit sha1_base64="PQQcNa0/5KL9LJibb9ekrddkjZQ="></latexit>

W =
�
hX2

maxi � hXmaxi2
�1/2

(depending on the model…)
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The results will be model-dependent

(Pierog et al: 1306.0121)

(Riehn et al: 1709.07227) (Ostapchenko: 1010.1869)

(Ostapchenko: 0706.3784)

[1, 2] EeV
a.
u. 0

0.01

����-��� ��	
�� ���
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��������
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Auger Data

Proton

Iron



Data
Pierre Auger Open Data 2021

Simulations with CORSIKA

<latexit sha1_base64="NfF3UUjE/xXT99zHiQnt3vgegFQ="></latexit>

• ⇠ 10% of total data

• 1602 hybrid showers in E 2 [0.6, 60] EeV

• Split in three bins: E 2 [0.6, 1], [1, 2], [2, 5] EeV

• ⇠ 500 events per bin

<latexit sha1_base64="kx6WL+L/OG83Owf0Wa7PQTylkrc="></latexit>

• 4 hadronic models

• 26 primaries from p to Fe

• 2000 shower per element/bin/model

• 624000 simulations(Auger Coll.: 1409.5083)
Convolute all with detector effects

22

Bonus achievement: get complaints from both IJS and CERN clusters

<latexit sha1_base64="o5n8y7Q265yWFN5pLVvZPLVakAs=">AAACGXicbZDLSgMxFIYz9VbrrerSTbAKdVNmiqhLLwguK9haaEvJpKdtaDIzJGfEMs5ruPFV3LhQxKWufBvTy8LbgcDH/5+TnPx+JIVB1/10MjOzc/ML2cXc0vLK6lp+faNmwlhzqPJQhrruMwNSBFBFgRLqkQamfAnX/uBs5F/fgDYiDK5wGEFLsV4guoIztFI77zYRbnF8T6KhkyY7lXbS1IqexL20WJ+wYrcpvaPndG8nbecLbskdF/0L3hQKZFqVdv692Ql5rCBALpkxDc+NsJUwjYJLSHPN2EDE+ID1oGExYApMKxlvlNJdq3RoN9T2BEjH6veJhCljhsq3nYph3/z2RuJ/XiPG7lErEUEUIwR88lA3lhRDOoqJdoQGjnJogXEt7K6U95lmHG2YORuC9/vLf6FWLnkHpf3LcuH4dBpHlmyRbVIkHjkkx+SCVEiVcHJPHskzeXEenCfn1XmbtGac6cwm+VHOxxffc6Am</latexit>

PAug(Xmax|E)

<latexit sha1_base64="ojI/Lhd4CAXf70cg6qg1w54YKCE=">AAACHHicbZDLSgMxFIYzXmu9VV26CbZCBSkzKupSFMFlBVuLbSmZ9LQGk5khOSOWcR7Eja/ixoUiblwIvo3pZaHVA4GP/z8nOfn9SAqDrvvlTExOTc/MZuay8wuLS8u5ldWqCWPNocJDGeqazwxIEUAFBUqoRRqY8iVc+jcnff/yFrQRYXCBvQiainUD0RGcoZVaud0Gwh0O7kk0tNOkUG4lDa2oESot1oas2F1K7+nVNj2lW4W0lcu7JXdQ9C94I8iTUZVbuY9GO+SxggC5ZMbUPTfCZsI0Ci4hzTZiAxHjN6wLdYsBU2CayWCplG5apU07obYnQDpQf04kTBnTU77tVAyvzbjXF//z6jF2DpuJCKIYIeDDhzqxpBjSflK0LTRwlD0LjGthd6X8mmnG0eaZtSF441/+C9Wdkrdf2jvfyR8dj+LIkHWyQYrEIwfkiJyRMqkQTh7IE3khr86j8+y8Oe/D1glnNLNGfpXz+Q3Hx6EW</latexit>

Psim(Xmax|Z,E)
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<latexit sha1_base64="8wzqcUz1Q/Eigv+5isnKuBVCZ4M="></latexit>

PAug(Xmax|E) =
1

N

NX

j=1

N
�
Xmax | Xj

max, �X
j
max

�

<latexit sha1_base64="M1zyyj/lOshsqLCVO0mTEAezCGk="></latexit>

Psim(Xmax | S = {E,Z,H}) = 1

Ñ

X

j

Z
dX̃ N

⇣
X̃ | Xj

max, �X
j
max

⌘
⇥R(Xmax�X̃)⇥✏(X̃)

Detector effectsSet of inputs

Data

Simulations

Probability Distribution Function (PDF)

<latexit sha1_base64="vKaPHTx/r/RPwP4cMXHuHoh3Dj8="></latexit>

Each data/simulation point is given as (Xmax, �Xmax)
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All systematic uncertainties are included

<latexit sha1_base64="6uXPV4n6U31a2Y31052Cc/hLtE0="></latexit>

hXn
maxiZ =

R
P (Xmax | Z) Xn

max dXmaxR
P (Xmax | Z) dXmax

<latexit sha1_base64="DuZmdlY4iHQMKOvxK/AsdP2fsj4="></latexit>

hXn
maxi(w) =

P
ZhXn

maxiZ wZP
Z wZ

Include statistical uncertainties 
(data and simulation) 

by Bootstrapping

Moments
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746 748 750 752 754 756 758

z1 (g/cm2)

a.
u. Systematic

Statistics

p, EPOS, [1,2] EeV

p, EPOS, [1, 2] EeV

748 750 752 754 756

��(�)
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��(�)

1.4 1.6 1.8 2. 2.2 2.4

��(�) × ��-�

4.5 5. 5.5 6. 6.5 7.

��(�) × ��-�

Bootstrap

Normal

<latexit sha1_base64="stw9W69ZvwHSkr08s+Z/8/OXEuY="></latexit>

z(w) ⇠ Nn

⇣
z | µ(w), ⌃(w)

⌘

<latexit sha1_base64="wlA9RHF5f7mcdzN0T0SnTBWbuwI="></latexit>

z̃ ⇠ Nn

⇣
z | µ̃, ⌃̃

⌘

Simulations

Data



26

746 748 750 752 754 756 758

z1 (g/cm2)

a.
u. Systematic

Statistics

p, EPOS, [1,2] EeV

<latexit sha1_base64="stw9W69ZvwHSkr08s+Z/8/OXEuY="></latexit>

z(w) ⇠ Nn

⇣
z | µ(w), ⌃(w)

⌘

<latexit sha1_base64="wlA9RHF5f7mcdzN0T0SnTBWbuwI="></latexit>

z̃ ⇠ Nn

⇣
z | µ̃, ⌃̃

⌘

Simulations

Data

[1, 2] EeV

R

0

0.2

0.4

0.6

0.8

1

����-��� �	�
��-��

1 2 3 4 5 6 7 8 9
0

0.2

0.4

0.6
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Auger

Higher moments are strongly 
correlated
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Include statistical uncertainties 
(data and simulation) 

by Bootstrapping

p, EPOS, [1, 2] EeV

748 750 752 754 756

��(�)

3400 3600 3800 4000 4200

��(�)

1.4 1.6 1.8 2. 2.2 2.4

��(�) × ��-�

4.5 5. 5.5 6. 6.5 7.

��(�) × ��-�

Bootstrap

Normal <latexit sha1_base64="stw9W69ZvwHSkr08s+Z/8/OXEuY="></latexit>

z(w) ⇠ Nn

⇣
z | µ(w), ⌃(w)

⌘

<latexit sha1_base64="wlA9RHF5f7mcdzN0T0SnTBWbuwI="></latexit>

z̃ ⇠ Nn

⇣
z | µ̃, ⌃̃

⌘

Simulations

Data

Moments

All systematic uncertainties are included

<latexit sha1_base64="6uXPV4n6U31a2Y31052Cc/hLtE0="></latexit>

hXn
maxiZ =

R
P (Xmax | Z) Xn

max dXmaxR
P (Xmax | Z) dXmax

<latexit sha1_base64="DuZmdlY4iHQMKOvxK/AsdP2fsj4="></latexit>

hXn
maxi(w) =

P
ZhXn

maxiZ wZP
Z wZ
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Nested Sampling
<latexit sha1_base64="pDZyO18sqSpAe0KcySrHY6zqPgY="></latexit>

Z =

Z
L(w) Dir(w) dDw =

Z 1

0
L(X) dX ,Evidence

Can be estimated with Beta 
distributions 

<latexit sha1_base64="yhwUSYa9GC6IF5E64/8qx/MPJoQ="></latexit>

• at step k = 1, sample Nlive points (compositions)

• select w1 with lowest likelihood L1; w1 is a dead point

• at step k > 1, sample a new live point w from prior, with constraint

L(w) > Lk�1

• Find the dead point wk, with likelihood Lk

• calculate volume of prior region with Lk�1 < L(w)  Lk

• calculate evidence shift �Zk = Lk�Xk

Output is a set of wk with weights uk = �Zk/Z

CL(L0) =

X

(wk,uk) | L(w)�L0

uk
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Nested Sampling
<latexit sha1_base64="pDZyO18sqSpAe0KcySrHY6zqPgY="></latexit>

Z =

Z
L(w) Dir(w) dDw =

Z 1

0
L(X) dX ,Evidence

Can be estimated with Beta 
distributions 

<latexit sha1_base64="yhwUSYa9GC6IF5E64/8qx/MPJoQ="></latexit>

• at step k = 1, sample Nlive points (compositions)

• select w1 with lowest likelihood L1; w1 is a dead point

• at step k > 1, sample a new live point w from prior, with constraint

L(w) > Lk�1

• Find the dead point wk, with likelihood Lk

• calculate volume of prior region with Lk�1 < L(w)  Lk

• calculate evidence shift �Zk = Lk�Xk

Output is a set of wk with weights uk = �Zk/Z

CL(L0) =

X

(wk,uk) | L(w)�L0

uk
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Full likelihood form

<latexit sha1_base64="7qRyxUganIilkNHGIEJI9/QKH+A="></latexit>

L = (2⇡)�
D
2 det

⇣
⌃w + ⌃̃

⌘� 1
2
exp

h
� 1

2

⇣
µT
w⌃wµw + µ̃T ⌃̃µ̃

⌘

+
1

2

⇣
µT
w⌃

�1
w + µ̃T ⌃̃�1

⌘⇣
⌃�1

w + ⌃̃�1
⌘�1 ⇣

⌃wµw + ⌃̃µ̃
⌘ i
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4 primary mixture

0.0 0.2 0.4 0.6 0.8 1.0

wZ
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(L

0
)

p
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N

Fe
Projections of 4D log-likelihood  

NS allows to efficiently sample the likelihood and find the Confidence Levels (CL) 
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Consistent with results from 2001.02667 

4 primary mixture

p He N Fe
0.0

0.2
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w
Z

Binned, EPOS, log10E � [17.9, 18.0]

p He N Fe
0.0

0.2

0.4

0.6

0.8

1.0

w
Z

Unbinned, EPOS, log10E � [17.9, 18.0]

Results are unchanged increasing 
the number of features
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QGS models are 
consistent with 100% 
proton composition

EPOS and Sibyll (LHC-
based) exclude 100% 
proton and can give 

bounds on heavy elements
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SD to FD
<latexit sha1_base64="ZFOexubS0ZQd7cyjJDch3cW3dAQ="></latexit>

Build a map from Surface Detector data to Fluorescent Detector data (Xmax)

(Auger Coll.: 2101.02946)

Train Deep Neural Network (DNN)  
on simulated data

As good as simulations (ground 
data sims are ~wrong)

We do not have access to this 
DNN

Trained with 4 primaries 

Shows strong correlations
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SD to FD
<latexit sha1_base64="ZFOexubS0ZQd7cyjJDch3cW3dAQ="></latexit>

Build a map from Surface Detector data to Fluorescent Detector data (Xmax)

(Auger Coll.: 1710.07249)
Build simple observable that 

correlates with FD

Weaker correlation and large 
uncertainties

We can reproduce and use this

Some quantities are given fits

We can (try to) improve on this


