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EM cascade
A cascade develops due to:

Pair production

Inverse-Compton scattering
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Existence of the cascade has been predicted soon after the discovery of CMB at 65’, by 

I. R. Rozental and S. Hayakawa (both in oral presentations).!
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Existence of the cascade has been predicted soon after the discovery of CMB at 65’, by 

I. R. Rozental and S. Hayakawa (both in oral presentations).!
The cascading process has been elaborated and used by Berezinsky and Smirnov 75’ to 
constrain the cosmogenic neutrino flux (the idea was proposed earlier by Berezinsky and 
Zatsepin 69’). The first analytical calculation was performed in this paper.

!
Idea: the cosmogenic neutrinos are produced in pγCMB interaction through the Δ+ resonance. 
The same process produces e and γ. The energy density of the neutrinos and diffuse gammas 
are related by a ratio of 1/3. The recent Fermi observation: ωcas = 5.8x10-7 eV/cm3.
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EM cascade
A cascade develops due to:

Pair production

Inverse-Compton scattering

� + �t ! e� + e+
<latexit sha1_base64="r+MuliK8XywV3uHwhQawXp7Frl4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIxZKIoMuiG5cV7AOaNEymN+3QmSTMTIRSunTjr7hxoYhbP8Gdf+O0zUJbDwwczrmXO+eEKWdKO863tbS8srq2Xtgobm5t7+zae/sNlWSSQp0mPJGtkCjgLIa6ZppDK5VARMihGQ5uJn7zAaRiSXyvhyn4gvRiFjFKtJEC+8jrESEILuMZCTT2dIKhc2Yk6JQDu+RUnCnwInFzUkI5aoH95XUTmgmINeVEqbbrpNofEakZ5TAuepmClNAB6UHb0JgIUP5oGmSMT4zSxVEizYs1nqq/N0ZEKDUUoZkURPfVvDcR//PamY6u/BGL00xDTGeHooxjE3XSCu4yCVTzoSGESmb+immfSEK16a5oSnDnIy+SxnnFdSru3UWpep3XUUCH6BidIhddoiq6RTVURxQ9omf0it6sJ+vFerc+ZqNLVr5zgP7A+vwBareXpQ==</latexit><latexit sha1_base64="r+MuliK8XywV3uHwhQawXp7Frl4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIxZKIoMuiG5cV7AOaNEymN+3QmSTMTIRSunTjr7hxoYhbP8Gdf+O0zUJbDwwczrmXO+eEKWdKO863tbS8srq2Xtgobm5t7+zae/sNlWSSQp0mPJGtkCjgLIa6ZppDK5VARMihGQ5uJn7zAaRiSXyvhyn4gvRiFjFKtJEC+8jrESEILuMZCTT2dIKhc2Yk6JQDu+RUnCnwInFzUkI5aoH95XUTmgmINeVEqbbrpNofEakZ5TAuepmClNAB6UHb0JgIUP5oGmSMT4zSxVEizYs1nqq/N0ZEKDUUoZkURPfVvDcR//PamY6u/BGL00xDTGeHooxjE3XSCu4yCVTzoSGESmb+immfSEK16a5oSnDnIy+SxnnFdSru3UWpep3XUUCH6BidIhddoiq6RTVURxQ9omf0it6sJ+vFerc+ZqNLVr5zgP7A+vwBareXpQ==</latexit><latexit sha1_base64="r+MuliK8XywV3uHwhQawXp7Frl4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIxZKIoMuiG5cV7AOaNEymN+3QmSTMTIRSunTjr7hxoYhbP8Gdf+O0zUJbDwwczrmXO+eEKWdKO863tbS8srq2Xtgobm5t7+zae/sNlWSSQp0mPJGtkCjgLIa6ZppDK5VARMihGQ5uJn7zAaRiSXyvhyn4gvRiFjFKtJEC+8jrESEILuMZCTT2dIKhc2Yk6JQDu+RUnCnwInFzUkI5aoH95XUTmgmINeVEqbbrpNofEakZ5TAuepmClNAB6UHb0JgIUP5oGmSMT4zSxVEizYs1nqq/N0ZEKDUUoZkURPfVvDcR//PamY6u/BGL00xDTGeHooxjE3XSCu4yCVTzoSGESmb+immfSEK16a5oSnDnIy+SxnnFdSru3UWpep3XUUCH6BidIhddoiq6RTVURxQ9omf0it6sJ+vFerc+ZqNLVr5zgP7A+vwBareXpQ==</latexit><latexit sha1_base64="r+MuliK8XywV3uHwhQawXp7Frl4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIxZKIoMuiG5cV7AOaNEymN+3QmSTMTIRSunTjr7hxoYhbP8Gdf+O0zUJbDwwczrmXO+eEKWdKO863tbS8srq2Xtgobm5t7+zae/sNlWSSQp0mPJGtkCjgLIa6ZppDK5VARMihGQ5uJn7zAaRiSXyvhyn4gvRiFjFKtJEC+8jrESEILuMZCTT2dIKhc2Yk6JQDu+RUnCnwInFzUkI5aoH95XUTmgmINeVEqbbrpNofEakZ5TAuepmClNAB6UHb0JgIUP5oGmSMT4zSxVEizYs1nqq/N0ZEKDUUoZkURPfVvDcR//PamY6u/BGL00xDTGeHooxjE3XSCu4yCVTzoSGESmb+immfSEK16a5oSnDnIy+SxnnFdSru3UWpep3XUUCH6BidIhddoiq6RTVURxQ9omf0it6sJ+vFerc+ZqNLVr5zgP7A+vwBareXpQ==</latexit>

e+ �t ! �0 + e
<latexit sha1_base64="jlqayQ9XNa9fRmZAM1h02sFEybY=">AAACC3icbVDLSgMxFM3UV62vUZduQosgCGVGBF0W3bisYB/QGYdMetuGJjNDkhHK0L0bf8WNC0Xc+gPu/Bsz7Sy09UDg5Jx7Sc4JE86Udpxvq7Syura+Ud6sbG3v7O7Z+wdtFaeSQovGPJbdkCjgLIKWZppDN5FARMihE46vc7/zAFKxOLrTkwR8QYYRGzBKtJECuwr4FHtDIgQJNPZ0XFzuvUQykZsQ2DWn7syAl4lbkBoq0AzsL68f01RApCknSvVcJ9F+RqRmlMO04qUKEkLHZAg9QyMiQPnZLMsUHxuljwexNCfSeKb+3siIUGoiQjMpiB6pRS8X//N6qR5c+hmLklRDROcPDVKOTeS8GNxnEqjmE0MIlcz8FdMRkYRqU1/FlOAuRl4m7bO669Td2/Na46qoo4yOUBWdIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5RH9gff4ApdGZhg==</latexit><latexit sha1_base64="jlqayQ9XNa9fRmZAM1h02sFEybY=">AAACC3icbVDLSgMxFM3UV62vUZduQosgCGVGBF0W3bisYB/QGYdMetuGJjNDkhHK0L0bf8WNC0Xc+gPu/Bsz7Sy09UDg5Jx7Sc4JE86Udpxvq7Syura+Ud6sbG3v7O7Z+wdtFaeSQovGPJbdkCjgLIKWZppDN5FARMihE46vc7/zAFKxOLrTkwR8QYYRGzBKtJECuwr4FHtDIgQJNPZ0XFzuvUQykZsQ2DWn7syAl4lbkBoq0AzsL68f01RApCknSvVcJ9F+RqRmlMO04qUKEkLHZAg9QyMiQPnZLMsUHxuljwexNCfSeKb+3siIUGoiQjMpiB6pRS8X//N6qR5c+hmLklRDROcPDVKOTeS8GNxnEqjmE0MIlcz8FdMRkYRqU1/FlOAuRl4m7bO669Td2/Na46qoo4yOUBWdIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5RH9gff4ApdGZhg==</latexit><latexit sha1_base64="jlqayQ9XNa9fRmZAM1h02sFEybY=">AAACC3icbVDLSgMxFM3UV62vUZduQosgCGVGBF0W3bisYB/QGYdMetuGJjNDkhHK0L0bf8WNC0Xc+gPu/Bsz7Sy09UDg5Jx7Sc4JE86Udpxvq7Syura+Ud6sbG3v7O7Z+wdtFaeSQovGPJbdkCjgLIKWZppDN5FARMihE46vc7/zAFKxOLrTkwR8QYYRGzBKtJECuwr4FHtDIgQJNPZ0XFzuvUQykZsQ2DWn7syAl4lbkBoq0AzsL68f01RApCknSvVcJ9F+RqRmlMO04qUKEkLHZAg9QyMiQPnZLMsUHxuljwexNCfSeKb+3siIUGoiQjMpiB6pRS8X//N6qR5c+hmLklRDROcPDVKOTeS8GNxnEqjmE0MIlcz8FdMRkYRqU1/FlOAuRl4m7bO669Td2/Na46qoo4yOUBWdIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5RH9gff4ApdGZhg==</latexit><latexit sha1_base64="jlqayQ9XNa9fRmZAM1h02sFEybY=">AAACC3icbVDLSgMxFM3UV62vUZduQosgCGVGBF0W3bisYB/QGYdMetuGJjNDkhHK0L0bf8WNC0Xc+gPu/Bsz7Sy09UDg5Jx7Sc4JE86Udpxvq7Syura+Ud6sbG3v7O7Z+wdtFaeSQovGPJbdkCjgLIKWZppDN5FARMihE46vc7/zAFKxOLrTkwR8QYYRGzBKtJECuwr4FHtDIgQJNPZ0XFzuvUQykZsQ2DWn7syAl4lbkBoq0AzsL68f01RApCknSvVcJ9F+RqRmlMO04qUKEkLHZAg9QyMiQPnZLMsUHxuljwexNCfSeKb+3siIUGoiQjMpiB6pRS8X//N6qR5c+hmLklRDROcPDVKOTeS8GNxnEqjmE0MIlcz8FdMRkYRqU1/FlOAuRl4m7bO669Td2/Na46qoo4yOUBWdIBddoAa6QU3UQhQ9omf0it6sJ+vFerc+5qMlq9g5RH9gff4ApdGZhg==</latexit>

Existence of the cascade has been predicted soon after the discovery of CMB at 65’, by 

I. R. Rozental and S. Hayakawa (both in oral presentations).!
The cascading process has been elaborated and used by Berezinsky and Smirnov 75’ to 
constrain the cosmogenic neutrino flux (the idea was proposed earlier by Berezinsky and 
Zatsepin 69’). The first analytical calculation was performed in this paper.

!
Idea: the cosmogenic neutrinos are produced in pγCMB interaction through the Δ+ resonance. 
The same process produces e and γ. The energy density of the neutrinos and diffuse gammas 
are related by a ratio of 1/3. The recent Fermi observation: ωcas = 5.8x10-7 eV/cm3.

The idea applied to discrete sources by Gould and Schreder 66’. The cascade process proposed 
to search for extragalactic magnetic field (halo component) by Aharonian et al at 94’. !
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EM cascade

One thing is common between IC and p-p processes in the high energy

In both IC and p-p processes, the original particle transfer almost 
all its energy to one of the secondary particles (leading particle)

E✏

m2
e

� 1
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in the high 
energy:

f ⇡ 1

ln(2E✏/m2
e)
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average fraction of energy 
lost by the cascade particle

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           

in the 
intermediate 

energy:

E✏

m2
e

⇠ 1
<latexit sha1_base64="O9QjZyb35znNdOqEK27RiP4DTL0=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0HwFHaDoMegCB4jmAdk12V20psMmZldZmaFsOToxV/x4kERr36CN//GyeOgiQUNRVU33V1Rypk2rvvtLC2vrK6tFzaKm1vbO7ulvf2mTjJFoUETnqh2RDRwJqFhmOHQThUQEXFoRYOrsd96AKVZIu/MMIVAkJ5kMaPEWCksHfmxIjS/9iHVjCdylIsQ7qsj7GsmsIfDUtmtuBPgReLNSBnNUA9LX343oZkAaSgnWnc8NzVBTpRhlMOo6GcaUkIHpAcdSyURoIN88sgIn1ili+NE2ZIGT9TfEzkRWg9FZDsFMX09743F/7xOZuKLIGcyzQxIOl0UZxybBI9TwV2mgBo+tIRQxeytmPaJTcbY7Io2BG/+5UXSrFY8t+LdnpVrl7M4CugQHaNT5KFzVEM3qI4aiKJH9Ixe0Zvz5Lw4787HtHXJmc0coD9wPn8AHwmZWw==</latexit><latexit sha1_base64="O9QjZyb35znNdOqEK27RiP4DTL0=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0HwFHaDoMegCB4jmAdk12V20psMmZldZmaFsOToxV/x4kERr36CN//GyeOgiQUNRVU33V1Rypk2rvvtLC2vrK6tFzaKm1vbO7ulvf2mTjJFoUETnqh2RDRwJqFhmOHQThUQEXFoRYOrsd96AKVZIu/MMIVAkJ5kMaPEWCksHfmxIjS/9iHVjCdylIsQ7qsj7GsmsIfDUtmtuBPgReLNSBnNUA9LX343oZkAaSgnWnc8NzVBTpRhlMOo6GcaUkIHpAcdSyURoIN88sgIn1ili+NE2ZIGT9TfEzkRWg9FZDsFMX09743F/7xOZuKLIGcyzQxIOl0UZxybBI9TwV2mgBo+tIRQxeytmPaJTcbY7Io2BG/+5UXSrFY8t+LdnpVrl7M4CugQHaNT5KFzVEM3qI4aiKJH9Ixe0Zvz5Lw4787HtHXJmc0coD9wPn8AHwmZWw==</latexit><latexit sha1_base64="O9QjZyb35znNdOqEK27RiP4DTL0=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0HwFHaDoMegCB4jmAdk12V20psMmZldZmaFsOToxV/x4kERr36CN//GyeOgiQUNRVU33V1Rypk2rvvtLC2vrK6tFzaKm1vbO7ulvf2mTjJFoUETnqh2RDRwJqFhmOHQThUQEXFoRYOrsd96AKVZIu/MMIVAkJ5kMaPEWCksHfmxIjS/9iHVjCdylIsQ7qsj7GsmsIfDUtmtuBPgReLNSBnNUA9LX343oZkAaSgnWnc8NzVBTpRhlMOo6GcaUkIHpAcdSyURoIN88sgIn1ili+NE2ZIGT9TfEzkRWg9FZDsFMX09743F/7xOZuKLIGcyzQxIOl0UZxybBI9TwV2mgBo+tIRQxeytmPaJTcbY7Io2BG/+5UXSrFY8t+LdnpVrl7M4CugQHaNT5KFzVEM3qI4aiKJH9Ixe0Zvz5Lw4787HtHXJmc0coD9wPn8AHwmZWw==</latexit><latexit sha1_base64="O9QjZyb35znNdOqEK27RiP4DTL0=">AAACCHicbVDLSgNBEJz1GeMr6tGDg0HwFHaDoMegCB4jmAdk12V20psMmZldZmaFsOToxV/x4kERr36CN//GyeOgiQUNRVU33V1Rypk2rvvtLC2vrK6tFzaKm1vbO7ulvf2mTjJFoUETnqh2RDRwJqFhmOHQThUQEXFoRYOrsd96AKVZIu/MMIVAkJ5kMaPEWCksHfmxIjS/9iHVjCdylIsQ7qsj7GsmsIfDUtmtuBPgReLNSBnNUA9LX343oZkAaSgnWnc8NzVBTpRhlMOo6GcaUkIHpAcdSyURoIN88sgIn1ili+NE2ZIGT9TfEzkRWg9FZDsFMX09743F/7xOZuKLIGcyzQxIOl0UZxybBI9TwV2mgBo+tIRQxeytmPaJTcbY7Io2BG/+5UXSrFY8t+LdnpVrl7M4CugQHaNT5KFzVEM3qI4aiKJH9Ixe0Zvz5Lw4787HtHXJmc0coD9wPn8AHwmZWw==</latexit>

f ⇡ 0.5
<latexit sha1_base64="nfpy4qm7i7HDtvjKb82cRgR43i0=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4WnZF0WPRi8cK9gPapWTTbBuaTWKSLZbS3+HFgyJe/THe/Dem7R609cHA470ZZubFijNjg+DbW1ldW9/YLGwVt3d29/ZLB4d1IzNNaI1ILnUzxoZyJmjNMstpU2mK05jTRjy4nfqNIdWGSfFgR4pGKe4JljCCrZOiBLWxUlo+ocC/7JTKgR/MgJZJmJMy5Kh2Sl/triRZSoUlHBvTCgNlozHWlhFOJ8V2ZqjCZIB7tOWowCk10Xh29ASdOqWLEqldCYtm6u+JMU6NGaWx60yx7ZtFbyr+57Uym1xHYyZUZqkg80VJxpGVaJoA6jJNieUjRzDRzN2KSB9rTKzLqehCCBdfXib1cz8M/PD+oly5yeMowDGcwBmEcAUVuIMq1IDAIzzDK7x5Q+/Fe/c+5q0rXj5zBH/gff4AXp+RKw==</latexit><latexit sha1_base64="nfpy4qm7i7HDtvjKb82cRgR43i0=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4WnZF0WPRi8cK9gPapWTTbBuaTWKSLZbS3+HFgyJe/THe/Dem7R609cHA470ZZubFijNjg+DbW1ldW9/YLGwVt3d29/ZLB4d1IzNNaI1ILnUzxoZyJmjNMstpU2mK05jTRjy4nfqNIdWGSfFgR4pGKe4JljCCrZOiBLWxUlo+ocC/7JTKgR/MgJZJmJMy5Kh2Sl/triRZSoUlHBvTCgNlozHWlhFOJ8V2ZqjCZIB7tOWowCk10Xh29ASdOqWLEqldCYtm6u+JMU6NGaWx60yx7ZtFbyr+57Uym1xHYyZUZqkg80VJxpGVaJoA6jJNieUjRzDRzN2KSB9rTKzLqehCCBdfXib1cz8M/PD+oly5yeMowDGcwBmEcAUVuIMq1IDAIzzDK7x5Q+/Fe/c+5q0rXj5zBH/gff4AXp+RKw==</latexit><latexit sha1_base64="nfpy4qm7i7HDtvjKb82cRgR43i0=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4WnZF0WPRi8cK9gPapWTTbBuaTWKSLZbS3+HFgyJe/THe/Dem7R609cHA470ZZubFijNjg+DbW1ldW9/YLGwVt3d29/ZLB4d1IzNNaI1ILnUzxoZyJmjNMstpU2mK05jTRjy4nfqNIdWGSfFgR4pGKe4JljCCrZOiBLWxUlo+ocC/7JTKgR/MgJZJmJMy5Kh2Sl/triRZSoUlHBvTCgNlozHWlhFOJ8V2ZqjCZIB7tOWowCk10Xh29ASdOqWLEqldCYtm6u+JMU6NGaWx60yx7ZtFbyr+57Uym1xHYyZUZqkg80VJxpGVaJoA6jJNieUjRzDRzN2KSB9rTKzLqehCCBdfXib1cz8M/PD+oly5yeMowDGcwBmEcAUVuIMq1IDAIzzDK7x5Q+/Fe/c+5q0rXj5zBH/gff4AXp+RKw==</latexit><latexit sha1_base64="nfpy4qm7i7HDtvjKb82cRgR43i0=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4WnZF0WPRi8cK9gPapWTTbBuaTWKSLZbS3+HFgyJe/THe/Dem7R609cHA470ZZubFijNjg+DbW1ldW9/YLGwVt3d29/ZLB4d1IzNNaI1ILnUzxoZyJmjNMstpU2mK05jTRjy4nfqNIdWGSfFgR4pGKe4JljCCrZOiBLWxUlo+ocC/7JTKgR/MgJZJmJMy5Kh2Sl/triRZSoUlHBvTCgNlozHWlhFOJ8V2ZqjCZIB7tOWowCk10Xh29ASdOqWLEqldCYtm6u+JMU6NGaWx60yx7ZtFbyr+57Uym1xHYyZUZqkg80VJxpGVaJoA6jJNieUjRzDRzN2KSB9rTKzLqehCCBdfXib1cz8M/PD+oly5yeMowDGcwBmEcAUVuIMq1IDAIzzDK7x5Q+/Fe/c+5q0rXj5zBH/gff4AXp+RKw==</latexit>

E✏

m2
e

⌧ 1
<latexit sha1_base64="RKDjeOnAyUoIl2GEHqOOz326MQg=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVJIi6LEogscK9gOaGDbbSbt0swm7G6GE3rz4V7x4UMSrf8Gb/8Ztm4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+lkkxSaNKEJ7ITEgWcCWhqpjl0UgkkDjm0w+HVxG8/gFQsEXd6lIIfk75gEaNEGymwj7xIEppfe5AqxhMxzuMA7mtj7HGOXRzYFafqTIEXiVuQCirQCOwvr5fQLAahKSdKdV0n1X5OpGaUw7jsZQpSQoekD11DBYlB+fn0jzE+MUoPR4k0JTSeqr8nchIrNYpD0xkTPVDz3kT8z+tmOrrwcybSTIOgs0VRxrFO8CQU3GMSqOYjQwiVzNyK6YCYYLSJrmxCcOdfXiStWtV1qu7tWaV+WcRRQofoGJ0iF52jOrpBDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sD6/AFCg5jg</latexit><latexit sha1_base64="RKDjeOnAyUoIl2GEHqOOz326MQg=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVJIi6LEogscK9gOaGDbbSbt0swm7G6GE3rz4V7x4UMSrf8Gb/8Ztm4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+lkkxSaNKEJ7ITEgWcCWhqpjl0UgkkDjm0w+HVxG8/gFQsEXd6lIIfk75gEaNEGymwj7xIEppfe5AqxhMxzuMA7mtj7HGOXRzYFafqTIEXiVuQCirQCOwvr5fQLAahKSdKdV0n1X5OpGaUw7jsZQpSQoekD11DBYlB+fn0jzE+MUoPR4k0JTSeqr8nchIrNYpD0xkTPVDz3kT8z+tmOrrwcybSTIOgs0VRxrFO8CQU3GMSqOYjQwiVzNyK6YCYYLSJrmxCcOdfXiStWtV1qu7tWaV+WcRRQofoGJ0iF52jOrpBDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sD6/AFCg5jg</latexit><latexit sha1_base64="RKDjeOnAyUoIl2GEHqOOz326MQg=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVJIi6LEogscK9gOaGDbbSbt0swm7G6GE3rz4V7x4UMSrf8Gb/8Ztm4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+lkkxSaNKEJ7ITEgWcCWhqpjl0UgkkDjm0w+HVxG8/gFQsEXd6lIIfk75gEaNEGymwj7xIEppfe5AqxhMxzuMA7mtj7HGOXRzYFafqTIEXiVuQCirQCOwvr5fQLAahKSdKdV0n1X5OpGaUw7jsZQpSQoekD11DBYlB+fn0jzE+MUoPR4k0JTSeqr8nchIrNYpD0xkTPVDz3kT8z+tmOrrwcybSTIOgs0VRxrFO8CQU3GMSqOYjQwiVzNyK6YCYYLSJrmxCcOdfXiStWtV1qu7tWaV+WcRRQofoGJ0iF52jOrpBDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sD6/AFCg5jg</latexit><latexit sha1_base64="RKDjeOnAyUoIl2GEHqOOz326MQg=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVJIi6LEogscK9gOaGDbbSbt0swm7G6GE3rz4V7x4UMSrf8Gb/8Ztm4O2Phh4vDfDzLww5Uxpx/m2lpZXVtfWSxvlza3tnV17b7+lkkxSaNKEJ7ITEgWcCWhqpjl0UgkkDjm0w+HVxG8/gFQsEXd6lIIfk75gEaNEGymwj7xIEppfe5AqxhMxzuMA7mtj7HGOXRzYFafqTIEXiVuQCirQCOwvr5fQLAahKSdKdV0n1X5OpGaUw7jsZQpSQoekD11DBYlB+fn0jzE+MUoPR4k0JTSeqr8nchIrNYpD0xkTPVDz3kT8z+tmOrrwcybSTIOgs0VRxrFO8CQU3GMSqOYjQwiVzNyK6YCYYLSJrmxCcOdfXiStWtV1qu7tWaV+WcRRQofoGJ0iF52jOrpBDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sD6/AFCg5jg</latexit>

in the low 
energy:

f ⇡ 4

3

E✏

m2
e

<latexit sha1_base64="hiRK8om5BUTcLARSPqzMiTWovRU=">AAACFnicbZDLSgMxFIYzXmu9VV26CRbBjWVGC7osiuCygr1Ap5ZMekaDmSQkGbEM8xRufBU3LhRxK+58G9M6C28/BD7+cw4n548UZ8b6/oc3NT0zOzdfWigvLi2vrFbW1ttGpppCi0oudTciBjgT0LLMcugqDSSJOHSi6+NxvXMD2jApzu1IQT8hl4LFjBLrrEFlN8YhUUrLWxzGmtCsnmf7ecEnISjDuBR5lgzgYi8fVKp+zZ8I/4WggCoq1BxU3sOhpGkCwlJOjOkFvrL9jGjLKIe8HKYGFKHX5BJ6DgVJwPSzyVk53nbOEMdSuycsnrjfJzKSGDNKIteZEHtlftfG5n+1Xmrjw37GhEotCPq1KE45thKPM8JDpoFaPnJAqGbur5heEZeIdUmWXQjB75P/QnuvFvi14KxebRwVcZTQJtpCOyhAB6iBTlETtRBFd+gBPaFn79579F6816/WKa+Y2UA/5L19ArwNn7w=</latexit><latexit sha1_base64="hiRK8om5BUTcLARSPqzMiTWovRU=">AAACFnicbZDLSgMxFIYzXmu9VV26CRbBjWVGC7osiuCygr1Ap5ZMekaDmSQkGbEM8xRufBU3LhRxK+58G9M6C28/BD7+cw4n548UZ8b6/oc3NT0zOzdfWigvLi2vrFbW1ttGpppCi0oudTciBjgT0LLMcugqDSSJOHSi6+NxvXMD2jApzu1IQT8hl4LFjBLrrEFlN8YhUUrLWxzGmtCsnmf7ecEnISjDuBR5lgzgYi8fVKp+zZ8I/4WggCoq1BxU3sOhpGkCwlJOjOkFvrL9jGjLKIe8HKYGFKHX5BJ6DgVJwPSzyVk53nbOEMdSuycsnrjfJzKSGDNKIteZEHtlftfG5n+1Xmrjw37GhEotCPq1KE45thKPM8JDpoFaPnJAqGbur5heEZeIdUmWXQjB75P/QnuvFvi14KxebRwVcZTQJtpCOyhAB6iBTlETtRBFd+gBPaFn79579F6816/WKa+Y2UA/5L19ArwNn7w=</latexit><latexit sha1_base64="hiRK8om5BUTcLARSPqzMiTWovRU=">AAACFnicbZDLSgMxFIYzXmu9VV26CRbBjWVGC7osiuCygr1Ap5ZMekaDmSQkGbEM8xRufBU3LhRxK+58G9M6C28/BD7+cw4n548UZ8b6/oc3NT0zOzdfWigvLi2vrFbW1ttGpppCi0oudTciBjgT0LLMcugqDSSJOHSi6+NxvXMD2jApzu1IQT8hl4LFjBLrrEFlN8YhUUrLWxzGmtCsnmf7ecEnISjDuBR5lgzgYi8fVKp+zZ8I/4WggCoq1BxU3sOhpGkCwlJOjOkFvrL9jGjLKIe8HKYGFKHX5BJ6DgVJwPSzyVk53nbOEMdSuycsnrjfJzKSGDNKIteZEHtlftfG5n+1Xmrjw37GhEotCPq1KE45thKPM8JDpoFaPnJAqGbur5heEZeIdUmWXQjB75P/QnuvFvi14KxebRwVcZTQJtpCOyhAB6iBTlETtRBFd+gBPaFn79579F6816/WKa+Y2UA/5L19ArwNn7w=</latexit><latexit sha1_base64="hiRK8om5BUTcLARSPqzMiTWovRU=">AAACFnicbZDLSgMxFIYzXmu9VV26CRbBjWVGC7osiuCygr1Ap5ZMekaDmSQkGbEM8xRufBU3LhRxK+58G9M6C28/BD7+cw4n548UZ8b6/oc3NT0zOzdfWigvLi2vrFbW1ttGpppCi0oudTciBjgT0LLMcugqDSSJOHSi6+NxvXMD2jApzu1IQT8hl4LFjBLrrEFlN8YhUUrLWxzGmtCsnmf7ecEnISjDuBR5lgzgYi8fVKp+zZ8I/4WggCoq1BxU3sOhpGkCwlJOjOkFvrL9jGjLKIe8HKYGFKHX5BJ6DgVJwPSzyVk53nbOEMdSuycsnrjfJzKSGDNKIteZEHtlftfG5n+1Xmrjw37GhEotCPq1KE45thKPM8JDpoFaPnJAqGbur5heEZeIdUmWXQjB75P/QnuvFvi14KxebRwVcZTQJtpCOyhAB6iBTlETtRBFd+gBPaFn79579F6816/WKa+Y2UA/5L19ArwNn7w=</latexit>

just IC E0
� = fE�

<latexit sha1_base64="GnpVLshfdoobdFN30EgLENZAMCE=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuCqJCLoRilJwWcFeoI1hMj1ph84kYWYilNCFG1/FjQtF3PoQ7nwbp20W2vrDwMd/zuHM+YOEM6Ud59sqrKyurW8UN0tb2zu7e/b+QUvFqaTQpDGPZScgCjiLoKmZ5tBJJBARcGgHo+tpvf0AUrE4utPjBDxBBhELGSXaWL5drt/3EskE+L0BEYLgSxzWc/btilN1ZsLL4OZQQbkavv3V68c0FRBpyolSXddJtJcRqRnlMCn1UgUJoSMygK7BiAhQXjY7YoKPjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV54GYuSVENE54vClGMd42kiuM8kUM3HBgiVzPwV0yGRhGqTW8mE4C6evAyt06rrVN3bs0rtKo+jiMroCJ0gF52jGrpBDdREFD2iZ/SK3qwn68V6tz7mrQUrnzlEf2R9/gCzkpd5</latexit><latexit sha1_base64="GnpVLshfdoobdFN30EgLENZAMCE=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuCqJCLoRilJwWcFeoI1hMj1ph84kYWYilNCFG1/FjQtF3PoQ7nwbp20W2vrDwMd/zuHM+YOEM6Ud59sqrKyurW8UN0tb2zu7e/b+QUvFqaTQpDGPZScgCjiLoKmZ5tBJJBARcGgHo+tpvf0AUrE4utPjBDxBBhELGSXaWL5drt/3EskE+L0BEYLgSxzWc/btilN1ZsLL4OZQQbkavv3V68c0FRBpyolSXddJtJcRqRnlMCn1UgUJoSMygK7BiAhQXjY7YoKPjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV54GYuSVENE54vClGMd42kiuM8kUM3HBgiVzPwV0yGRhGqTW8mE4C6evAyt06rrVN3bs0rtKo+jiMroCJ0gF52jGrpBDdREFD2iZ/SK3qwn68V6tz7mrQUrnzlEf2R9/gCzkpd5</latexit><latexit sha1_base64="GnpVLshfdoobdFN30EgLENZAMCE=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuCqJCLoRilJwWcFeoI1hMj1ph84kYWYilNCFG1/FjQtF3PoQ7nwbp20W2vrDwMd/zuHM+YOEM6Ud59sqrKyurW8UN0tb2zu7e/b+QUvFqaTQpDGPZScgCjiLoKmZ5tBJJBARcGgHo+tpvf0AUrE4utPjBDxBBhELGSXaWL5drt/3EskE+L0BEYLgSxzWc/btilN1ZsLL4OZQQbkavv3V68c0FRBpyolSXddJtJcRqRnlMCn1UgUJoSMygK7BiAhQXjY7YoKPjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV54GYuSVENE54vClGMd42kiuM8kUM3HBgiVzPwV0yGRhGqTW8mE4C6evAyt06rrVN3bs0rtKo+jiMroCJ0gF52jGrpBDdREFD2iZ/SK3qwn68V6tz7mrQUrnzlEf2R9/gCzkpd5</latexit><latexit sha1_base64="GnpVLshfdoobdFN30EgLENZAMCE=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiuCqJCLoRilJwWcFeoI1hMj1ph84kYWYilNCFG1/FjQtF3PoQ7nwbp20W2vrDwMd/zuHM+YOEM6Ud59sqrKyurW8UN0tb2zu7e/b+QUvFqaTQpDGPZScgCjiLoKmZ5tBJJBARcGgHo+tpvf0AUrE4utPjBDxBBhELGSXaWL5drt/3EskE+L0BEYLgSxzWc/btilN1ZsLL4OZQQbkavv3V68c0FRBpyolSXddJtJcRqRnlMCn1UgUJoSMygK7BiAhQXjY7YoKPjdPHYSzNizSeub8nMiKUGovAdAqih2qxNjX/q3VTHV54GYuSVENE54vClGMd42kiuM8kUM3HBgiVzPwV0yGRhGqTW8mE4C6evAyt06rrVN3bs0rtKo+jiMroCJ0gF52jGrpBDdREFD2iZ/SK3qwn68V6tz7mrQUrnzlEf2R9/gCzkpd5</latexit>



EM cascade

One thing is common between IC and p-p processes in the high energy

In both IC and p-p processes, the original particle transfer almost 
all its energy to one of the secondary particles (leading particle)

In the high energy, the leading particle decelerates by releasing energy in 
the form of low-energy electrons (photon always remains as leading particle)

E✏

m2
e

� 1
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in the high 
energy:

f ⇡ 1

ln(2E✏/m2
e)

<latexit sha1_base64="IcRX/PqIb/7F8IFmKTWu8k1FLHo=">AAACEnicbVDLSgMxFM34rPVVdekmWAS7qTNF0GVRBJcV7AM6tWTSOzWYSUKSEcvQb3Djr7hxoYhbV+78G9PHQq0HLhzOuZd774kUZ8b6/pc3N7+wuLScW8mvrq1vbBa2thtGpppCnUoudSsiBjgTULfMcmgpDSSJODSj27OR37wDbZgUV3agoJOQvmAxo8Q6qVsoxTgkSml5j8NYE5oFwyzk4qByHoIyjEtxmHThulIadgtFv+yPgWdJMCVFNEWtW/gMe5KmCQhLOTGmHfjKdjKiLaMchvkwNaAIvSV9aDsqSAKmk41fGuJ9p/RwLLUrYfFY/TmRkcSYQRK5zoTYG/PXG4n/ee3UxiedjAmVWhB0sihOObYSj/LBPaaBWj5whFDN3K2Y3hCXjHUp5l0Iwd+XZ0mjUg78cnB5VKyeTuPIoV20hw5QgI5RFV2gGqojih7QE3pBr96j9+y9ee+T1jlvOrODfsH7+AZXBp0+</latexit><latexit sha1_base64="IcRX/PqIb/7F8IFmKTWu8k1FLHo=">AAACEnicbVDLSgMxFM34rPVVdekmWAS7qTNF0GVRBJcV7AM6tWTSOzWYSUKSEcvQb3Djr7hxoYhbV+78G9PHQq0HLhzOuZd774kUZ8b6/pc3N7+wuLScW8mvrq1vbBa2thtGpppCnUoudSsiBjgTULfMcmgpDSSJODSj27OR37wDbZgUV3agoJOQvmAxo8Q6qVsoxTgkSml5j8NYE5oFwyzk4qByHoIyjEtxmHThulIadgtFv+yPgWdJMCVFNEWtW/gMe5KmCQhLOTGmHfjKdjKiLaMchvkwNaAIvSV9aDsqSAKmk41fGuJ9p/RwLLUrYfFY/TmRkcSYQRK5zoTYG/PXG4n/ee3UxiedjAmVWhB0sihOObYSj/LBPaaBWj5whFDN3K2Y3hCXjHUp5l0Iwd+XZ0mjUg78cnB5VKyeTuPIoV20hw5QgI5RFV2gGqojih7QE3pBr96j9+y9ee+T1jlvOrODfsH7+AZXBp0+</latexit><latexit sha1_base64="IcRX/PqIb/7F8IFmKTWu8k1FLHo=">AAACEnicbVDLSgMxFM34rPVVdekmWAS7qTNF0GVRBJcV7AM6tWTSOzWYSUKSEcvQb3Djr7hxoYhbV+78G9PHQq0HLhzOuZd774kUZ8b6/pc3N7+wuLScW8mvrq1vbBa2thtGpppCnUoudSsiBjgTULfMcmgpDSSJODSj27OR37wDbZgUV3agoJOQvmAxo8Q6qVsoxTgkSml5j8NYE5oFwyzk4qByHoIyjEtxmHThulIadgtFv+yPgWdJMCVFNEWtW/gMe5KmCQhLOTGmHfjKdjKiLaMchvkwNaAIvSV9aDsqSAKmk41fGuJ9p/RwLLUrYfFY/TmRkcSYQRK5zoTYG/PXG4n/ee3UxiedjAmVWhB0sihOObYSj/LBPaaBWj5whFDN3K2Y3hCXjHUp5l0Iwd+XZ0mjUg78cnB5VKyeTuPIoV20hw5QgI5RFV2gGqojih7QE3pBr96j9+y9ee+T1jlvOrODfsH7+AZXBp0+</latexit><latexit sha1_base64="IcRX/PqIb/7F8IFmKTWu8k1FLHo=">AAACEnicbVDLSgMxFM34rPVVdekmWAS7qTNF0GVRBJcV7AM6tWTSOzWYSUKSEcvQb3Djr7hxoYhbV+78G9PHQq0HLhzOuZd774kUZ8b6/pc3N7+wuLScW8mvrq1vbBa2thtGpppCnUoudSsiBjgTULfMcmgpDSSJODSj27OR37wDbZgUV3agoJOQvmAxo8Q6qVsoxTgkSml5j8NYE5oFwyzk4qByHoIyjEtxmHThulIadgtFv+yPgWdJMCVFNEWtW/gMe5KmCQhLOTGmHfjKdjKiLaMchvkwNaAIvSV9aDsqSAKmk41fGuJ9p/RwLLUrYfFY/TmRkcSYQRK5zoTYG/PXG4n/ee3UxiedjAmVWhB0sihOObYSj/LBPaaBWj5whFDN3K2Y3hCXjHUp5l0Iwd+XZ0mjUg78cnB5VKyeTuPIoV20hw5QgI5RFV2gGqojih7QE3pBr96j9+y9ee+T1jlvOrODfsH7+AZXBp0+</latexit>

average fraction of energy 
lost by the cascade particle
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EM cascade

Characteristic energies (monochromatic photon gas):

characteristic energy of 
the initial photon/electron ✏0 ⇠ 0.1

m⇡mp

✏
⇠ Ep

10
<latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit>

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           



EM cascade

Characteristic energies (monochromatic photon gas):

characteristic energy of 
the initial photon/electron ✏0 ⇠ 0.1
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<latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit>

E� > ✏�
<latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit>

E� < ✏�
<latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit>

absorption 

due to p-p

free escape
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EM cascade

Characteristic energies (monochromatic photon gas):

characteristic energy of 
the initial photon/electron ✏0 ⇠ 0.1

m⇡mp

✏
⇠ Ep

10
<latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit>

critical energy of gamma 
(transparency) ✏� ⇠ m2

e

✏
<latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit>

E� > ✏�
<latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit>

E� < ✏�
<latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit>

absorption 

due to p-p

free escape

min energy of e in p-p 
(cascade multiplication) ✏e =

✏�
2

⇠ m2
e

2✏
<latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit>

E < ✏e
<latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit>

e decelerates by 
emitting Compton 
photons. No new e 
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EM cascade

Characteristic energies (monochromatic photon gas):

characteristic energy of 
the initial photon/electron ✏0 ⇠ 0.1

m⇡mp

✏
⇠ Ep

10
<latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit>

critical energy of gamma 
(transparency) ✏� ⇠ m2

e

✏
<latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit>

E� > ✏�
<latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit><latexit sha1_base64="E9FZFsiS43kBiYvo01StgxoeVXo=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXQlRRFcVrAXaEI4mU7aoTNJmJkIJRTc+CpuXCji1pdw59s4bbPQ1h8Gfr5zDmfOH6acKe0431ZpaXllda28XtnY3NresXf3WirJJKFNkvBEdkJQlLOYNjXTnHZSSUGEnLbD4fWk3n6gUrEkvtejlPoC+jGLGAFtUGAf3AReH4QAfIk9mirGDZ2RwK46NWcqvGjcwlRRoUZgf3m9hGSCxppwUKrrOqn2c5CaEU7HFS9TNAUyhD7tGhuDoMrPpzeM8bEhPRwl0rxY4yn9PZGDUGokQtMpQA/UfG0C/6t1Mx1d+DmL00zTmMwWRRnHOsGTQHCPSUo0HxkDRDLzV0wGIIFoE1vFhODOn7xoWqc116m5d2fV+lURRxkdoiN0glx0juroFjVQExH0iJ7RK3qznqwX6936mLWWrGJmH/2R9fkDP7uXRA==</latexit>

E� < ✏�
<latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit><latexit sha1_base64="dIqwJN+/pUDUeZSEnZXuWXQgCr8=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFcFUSEXThoiiCywr2Ak0IJ9NJO3QmCTMToYSCG1/FjQtF3PoS7nwbp20W2vrDwM93zuHM+cOUM6Ud59sqLS2vrK6V1ysbm1vbO/buXkslmSS0SRKeyE4IinIW06ZmmtNOKimIkNN2OLye1NsPVCqWxPd6lFJfQD9mESOgDQrsg5vA64MQgC+xR1PFuKEzEthVp+ZMhReNW5gqKtQI7C+vl5BM0FgTDkp1XSfVfg5SM8LpuOJliqZAhtCnXWNjEFT5+fSGMT42pIejRJoXazylvydyEEqNRGg6BeiBmq9N4H+1bqajCz9ncZppGpPZoijjWCd4EgjuMUmJ5iNjgEhm/orJACQQbWKrmBDc+ZMXTeu05jo19+6sWr8q4iijQ3SETpCLzlEd3aIGaiKCHtEzekVv1pP1Yr1bH7PWklXM7KM/sj5/ADyTl0I=</latexit>

absorption 

due to p-p

free escape

min energy of e in p-p 
(cascade multiplication) ✏e =

✏�
2

⇠ m2
e

2✏
<latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit>

E < ✏e
<latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit><latexit sha1_base64="X364CF09xOEF8nN5qm+0NDp/lyE=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIevBQFMFjBfsBbSib7aRdutnE3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0gE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB8HbqN0eoNI/loxkn6Ee0L3nIGTVW8u/IdQcTzUUsu9gtld2KOwNZJl5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBE6KnVRjQtmQ9rFtqaQRaj+bHT0hp1bpkTBWtqQhM/X3REYjrcdRYDsjagZ60ZuK/3nt1IRXfsZlkhqUbL4oTAUxMZkmQHpcITNibAllittbCRtQRZmxORVtCN7iy8ukcV7x3Ir3cFGu3uRxFOAYTuAMPLiEKtxDDerA4Ame4RXenJHz4rw7H/PWFSefOYI/cD5/ADDfkbc=</latexit>

e decelerates by 
emitting Compton 
photons. No new e 

Compton photons

(end of multi. phase)

the highest energy 
of photons emitted 
by e when Ee ~ ɛe

✏X ⇠ 4

3

✏2e✏

m2
e

⇠ ✏�
3

<latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit><latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit><latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit><latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit>
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EM cascade

Characteristic energies (monochromatic photon gas):

characteristic energy of 
the initial photon/electron ✏0 ⇠ 0.1

m⇡mp

✏
⇠ Ep

10
<latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit><latexit sha1_base64="MJZo3UJUxrZe7t0cPVAUQEZmfGk=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdFkVwWUF+4CmhMl00g6dSYaZiVBCvseNv+KmC6W49UOcpBG09cDA4ZxzuXNPIBhV2nHmVmVtfWNzq7pd29nd2z+wD486Kk4kJm0cs1j2AqQIoxFpa6oZ6QlJEA8Y6QaTu9zvPhOpaBw96akgA45GEQ0pRtpIvn3jEaEoM9SBnqIcOg0XeqFEOOW+JyjkvsjSn1BWRBb2fW64TubbdafhFICrxC1JHZRo+fbMG8Y44STSmCGl+q4j9CBFUlPMSFbzEkUEwhM0In1DI8SJGqTFqRk8M8oQhrE0L9KwUH9PpIgrNeWBSXKkx2rZy8X/vH6iw+tBSiORaBLhxaIwYVDHMO8NDqkkWLOpIQhLav4K8RiZIrRpt2ZKcJdPXiWdi4Zr+n28rDdvyzqq4AScgnPggivQBA+gBdoAgxfwBt7Bh/Vqzay59bmIVqxy5hj8gfX1DaDzp2s=</latexit>

critical energy of gamma 
(transparency) ✏� ⇠ m2

e

✏
<latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit><latexit sha1_base64="ToAGIgfzaVKnrzZEM1LS4XU+vng=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUJIi6LLoxmUF+4Cmhsn0ph06k4SZiVBCPsKNv+LGhSJuXbjzb5y2EbT1wMDhnHO5c0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSopNGnMY9kJiALOImhqpjl0EglEBBzawehq4rfvQSoWR7d6nEBPkEHEQkaJNpJvn3qQKMYN9QZECII9xQT2QkloJny4q+XZTyL37YpTdabAi8QtSAUVaPj2p9ePaSog0pQTpbquk+heRqRmlENe9lIFCaEjMoCuoRERoHrZ9KgcHxulj8NYmhdpPFV/T2REKDUWgUkKoodq3puI/3ndVIcXvYxFSaohorNFYcqxjvGkIdxnEqjmY0MIlcz8FdMhMYVo02PZlODOn7xIWrWq61Tdm7NK/bKoo4QO0RE6QS46R3V0jRqoiSh6QE/oBb1aj9az9Wa9z6JLVjFzgP7A+vgG2O2fUQ==</latexit>

min energy of e in p-p 
(cascade multiplication) ✏e =

✏�
2

⇠ m2
e

2✏
<latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit><latexit sha1_base64="XG+ECCeqda+BwNxQPCZPfm3urIo=">AAACLHicbVDLSsNAFJ34rPUVdelmsAiuSlIE3QjFblxWsA9oaplMb9qhM0mYmQgl5IPc+CuCuLCIW7/DaRtFWw8MHM45lzv3+DFnSjvOxFpZXVvf2CxsFbd3dvf27YPDpooSSaFBIx7Jtk8UcBZCQzPNoR1LIMLn0PJHtanfegCpWBTe6XEMXUEGIQsYJdpIPbvmQawYNxTwFfYCSWj6I3kDIgTJ0kqGPcVEbose3FeM+B3LenbJKTsz4GXi5qSEctR79ovXj2giINSUE6U6rhPrbkqkZpRDVvQSBTGhIzKAjqEhEaC66ezYDJ8apY+DSJoXajxTf0+kRCg1Fr5JCqKHatGbiv95nUQHl92UhXGiIaTzRUHCsY7wtDncZxKo5mNDCJXM/BXTITGNaNNv0ZTgLp68TJqVsuuU3dvzUvU6r6OAjtEJOkMuukBVdIPqqIEoekTP6A1NrCfr1Xq3PubRFSufOUJ/YH1+AcCmqSQ=</latexit>

Compton photons

(end of multi. phase)

scaling

y0 ⇠ 1
<latexit sha1_base64="3u4Uh5eT6/qvyQdqMR9U+qI9S1A=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiF48V7Ae2S8mm2TY0yS5JVliW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvTAQ3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST25nfeWLa8Fg92CxhgSQjxSNOiXXSYzbAqG+4RP6gWsN1PAdaJX5BalCgOah+9YcxTSVTlgpiTM/HiQ1yoi2ngk0r/dSwhNAJGbGeo4pIZoJ8fvEUnTlliKJYu1IWzdXfEzmRxmQydJ2S2LFZ9mbif14vtdF1kHOVpJYpulgUpQLZGM3eR0OuGbUic4RQzd2tiI6JJtS6kCouBH/55VXSvqj7uO7fX9YaN0UcZTiBUzgHH66gAXfQhBZQUPAMr/DmGe/Fe/c+Fq0lr5g5hj/wPn8ARY2P/A==</latexit><latexit sha1_base64="3u4Uh5eT6/qvyQdqMR9U+qI9S1A=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiF48V7Ae2S8mm2TY0yS5JVliW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvTAQ3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST25nfeWLa8Fg92CxhgSQjxSNOiXXSYzbAqG+4RP6gWsN1PAdaJX5BalCgOah+9YcxTSVTlgpiTM/HiQ1yoi2ngk0r/dSwhNAJGbGeo4pIZoJ8fvEUnTlliKJYu1IWzdXfEzmRxmQydJ2S2LFZ9mbif14vtdF1kHOVpJYpulgUpQLZGM3eR0OuGbUic4RQzd2tiI6JJtS6kCouBH/55VXSvqj7uO7fX9YaN0UcZTiBUzgHH66gAXfQhBZQUPAMr/DmGe/Fe/c+Fq0lr5g5hj/wPn8ARY2P/A==</latexit><latexit sha1_base64="3u4Uh5eT6/qvyQdqMR9U+qI9S1A=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiF48V7Ae2S8mm2TY0yS5JVliW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvTAQ3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST25nfeWLa8Fg92CxhgSQjxSNOiXXSYzbAqG+4RP6gWsN1PAdaJX5BalCgOah+9YcxTSVTlgpiTM/HiQ1yoi2ngk0r/dSwhNAJGbGeo4pIZoJ8fvEUnTlliKJYu1IWzdXfEzmRxmQydJ2S2LFZ9mbif14vtdF1kHOVpJYpulgUpQLZGM3eR0OuGbUic4RQzd2tiI6JJtS6kCouBH/55VXSvqj7uO7fX9YaN0UcZTiBUzgHH66gAXfQhBZQUPAMr/DmGe/Fe/c+Fq0lr5g5hj/wPn8ARY2P/A==</latexit><latexit sha1_base64="3u4Uh5eT6/qvyQdqMR9U+qI9S1A=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiF48V7Ae2S8mm2TY0yS5JVliW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvTAQ3FuNvr7S2vrG5Vd6u7Ozu7R9UD4/aJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST25nfeWLa8Fg92CxhgSQjxSNOiXXSYzbAqG+4RP6gWsN1PAdaJX5BalCgOah+9YcxTSVTlgpiTM/HiQ1yoi2ngk0r/dSwhNAJGbGeo4pIZoJ8fvEUnTlliKJYu1IWzdXfEzmRxmQydJ2S2LFZ9mbif14vtdF1kHOVpJYpulgUpQLZGM3eR0OuGbUic4RQzd2tiI6JJtS6kCouBH/55VXSvqj7uO7fX9YaN0UcZTiBUzgHH66gAXfQhBZQUPAMr/DmGe/Fe/c+Fq0lr5g5hj/wPn8ARY2P/A==</latexit>

y� ⇠ 2⇥ 10�5
<latexit sha1_base64="4HbySNpfA9KisBw9h4YlHf70ybA=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSUpii6LblxWsA9oYphMJ+3QmUmYmQghdOPGX3HjQhG3/oM7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rdLS8srqWnm9srG5tb1j7+61VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glH1xO/80CkorG401lCfI4GgkYUI22kwD7MAm+AOEfQU5TDuqcpJ8p17vPT83FgV52aMwVcJG5BqqBAM7C/vH6MU06Exgwp1XOdRPs5kppiRsYVL1UkQXiEBqRnqEBml59PvxjDY6P0YRRLU0LDqfp7IkdcqYyHppMjPVTz3kT8z+ulOrr0cyqSVBOBZ4uilEEdw0kksE8lwZplhiAsqbkV4iGSCGsTXMWE4M6/vEja9Zrr1Nzbs2rjqoijDA7AETgBLrgADXADmqAFMHgEz+AVvFlP1ov1bn3MWktWMbMP/sD6/AEbIJeo</latexit><latexit sha1_base64="4HbySNpfA9KisBw9h4YlHf70ybA=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSUpii6LblxWsA9oYphMJ+3QmUmYmQghdOPGX3HjQhG3/oM7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rdLS8srqWnm9srG5tb1j7+61VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glH1xO/80CkorG401lCfI4GgkYUI22kwD7MAm+AOEfQU5TDuqcpJ8p17vPT83FgV52aMwVcJG5BqqBAM7C/vH6MU06Exgwp1XOdRPs5kppiRsYVL1UkQXiEBqRnqEBml59PvxjDY6P0YRRLU0LDqfp7IkdcqYyHppMjPVTz3kT8z+ulOrr0cyqSVBOBZ4uilEEdw0kksE8lwZplhiAsqbkV4iGSCGsTXMWE4M6/vEja9Zrr1Nzbs2rjqoijDA7AETgBLrgADXADmqAFMHgEz+AVvFlP1ov1bn3MWktWMbMP/sD6/AEbIJeo</latexit><latexit sha1_base64="4HbySNpfA9KisBw9h4YlHf70ybA=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSUpii6LblxWsA9oYphMJ+3QmUmYmQghdOPGX3HjQhG3/oM7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rdLS8srqWnm9srG5tb1j7+61VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glH1xO/80CkorG401lCfI4GgkYUI22kwD7MAm+AOEfQU5TDuqcpJ8p17vPT83FgV52aMwVcJG5BqqBAM7C/vH6MU06Exgwp1XOdRPs5kppiRsYVL1UkQXiEBqRnqEBml59PvxjDY6P0YRRLU0LDqfp7IkdcqYyHppMjPVTz3kT8z+ulOrr0cyqSVBOBZ4uilEEdw0kksE8lwZplhiAsqbkV4iGSCGsTXMWE4M6/vEja9Zrr1Nzbs2rjqoijDA7AETgBLrgADXADmqAFMHgEz+AVvFlP1ov1bn3MWktWMbMP/sD6/AEbIJeo</latexit><latexit sha1_base64="4HbySNpfA9KisBw9h4YlHf70ybA=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSUpii6LblxWsA9oYphMJ+3QmUmYmQghdOPGX3HjQhG3/oM7/8Zpm4W2HrhwOOde7r0nTBhV2nG+rdLS8srqWnm9srG5tb1j7+61VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glH1xO/80CkorG401lCfI4GgkYUI22kwD7MAm+AOEfQU5TDuqcpJ8p17vPT83FgV52aMwVcJG5BqqBAM7C/vH6MU06Exgwp1XOdRPs5kppiRsYVL1UkQXiEBqRnqEBml59PvxjDY6P0YRRLU0LDqfp7IkdcqYyHppMjPVTz3kT8z+ulOrr0cyqSVBOBZ4uilEEdw0kksE8lwZplhiAsqbkV4iGSCGsTXMWE4M6/vEja9Zrr1Nzbs2rjqoijDA7AETgBLrgADXADmqAFMHgEz+AVvFlP1ov1bn3MWktWMbMP/sD6/AEbIJeo</latexit>

ye ⇠ 10�5
<latexit sha1_base64="Y3BvNAuw8iYWZsokUgpkGda5qR8=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4sSSi6LHoxWMF+wFtDJvttF26uwm7m0II/SdePCji1X/izX/jts1BWx8MPN6bYWZelHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0N/VbY1CaxfLRZAkEggwk6zNKjJVC181CwF3NBPa9p/z8ahK6Fa/qzYCXiV+QCipQD92vbi+mqQBpKCdad3wvMUFOlGGUw6TcTTUkhI7IADqWSiJAB/ns8gk+tUoP92NlSxo8U39P5ERonYnIdgpihnrRm4r/eZ3U9G+CnMkkNSDpfFE/5djEeBoD7jEF1PDMEkIVs7diOiSKUGPDKtsQ/MWXl0nzoup7Vf/hslK7LeIooWN0gs6Qj65RDd2jOmogisboGb2iNyd3Xpx352PeuuIUM0foD5zPH+lAkoY=</latexit><latexit sha1_base64="Y3BvNAuw8iYWZsokUgpkGda5qR8=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4sSSi6LHoxWMF+wFtDJvttF26uwm7m0II/SdePCji1X/izX/jts1BWx8MPN6bYWZelHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0N/VbY1CaxfLRZAkEggwk6zNKjJVC181CwF3NBPa9p/z8ahK6Fa/qzYCXiV+QCipQD92vbi+mqQBpKCdad3wvMUFOlGGUw6TcTTUkhI7IADqWSiJAB/ns8gk+tUoP92NlSxo8U39P5ERonYnIdgpihnrRm4r/eZ3U9G+CnMkkNSDpfFE/5djEeBoD7jEF1PDMEkIVs7diOiSKUGPDKtsQ/MWXl0nzoup7Vf/hslK7LeIooWN0gs6Qj65RDd2jOmogisboGb2iNyd3Xpx352PeuuIUM0foD5zPH+lAkoY=</latexit><latexit sha1_base64="Y3BvNAuw8iYWZsokUgpkGda5qR8=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4sSSi6LHoxWMF+wFtDJvttF26uwm7m0II/SdePCji1X/izX/jts1BWx8MPN6bYWZelHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0N/VbY1CaxfLRZAkEggwk6zNKjJVC181CwF3NBPa9p/z8ahK6Fa/qzYCXiV+QCipQD92vbi+mqQBpKCdad3wvMUFOlGGUw6TcTTUkhI7IADqWSiJAB/ns8gk+tUoP92NlSxo8U39P5ERonYnIdgpihnrRm4r/eZ3U9G+CnMkkNSDpfFE/5djEeBoD7jEF1PDMEkIVs7diOiSKUGPDKtsQ/MWXl0nzoup7Vf/hslK7LeIooWN0gs6Qj65RDd2jOmogisboGb2iNyd3Xpx352PeuuIUM0foD5zPH+lAkoY=</latexit><latexit sha1_base64="Y3BvNAuw8iYWZsokUgpkGda5qR8=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4sSSi6LHoxWMF+wFtDJvttF26uwm7m0II/SdePCji1X/izX/jts1BWx8MPN6bYWZelHCmjed9Oyura+sbm6Wt8vbO7t6+e3DY1HGqKDRozGPVjogGziQ0DDMc2okCIiIOrWh0N/VbY1CaxfLRZAkEggwk6zNKjJVC181CwF3NBPa9p/z8ahK6Fa/qzYCXiV+QCipQD92vbi+mqQBpKCdad3wvMUFOlGGUw6TcTTUkhI7IADqWSiJAB/ns8gk+tUoP92NlSxo8U39P5ERonYnIdgpihnrRm4r/eZ3U9G+CnMkkNSDpfFE/5djEeBoD7jEF1PDMEkIVs7diOiSKUGPDKtsQ/MWXl0nzoup7Vf/hslK7LeIooWN0gs6Qj65RDd2jOmogisboGb2iNyd3Xpx352PeuuIUM0foD5zPH+lAkoY=</latexit>

yX ⇠ 6.7⇥ 10�6
<latexit sha1_base64="iCgbFIXj11K7Cj6UMhMfhZ1Rd1U=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpCItC6LblxWsA9oYphMJ+3QmUmYmQglFDf+ihsXirj1K9z5N07bLLT1wIXDOfdy7z1RyqjSrvttLS2vrK6tlzbKm1vbO7v23n5LJZnEpIkTlshOhBRhVJCmppqRTioJ4hEj7Wh4PfHbD0Qqmog7PUpJwFFf0JhipI0U2oejsAN9RTmsOjVfU06U597nZ9VxaFdcx50CLhKvIBVQoBHaX34vwRknQmOGlOp6bqqDHElNMSPjsp8pkiI8RH3SNVQgsyvIpy+M4YlRejBOpCmh4VT9PZEjrtSIR6aTIz1Q895E/M/rZjq+DHIq0kwTgWeL4oxBncBJHrBHJcGajQxBWFJzK8QDJBHWJrWyCcGbf3mRtM4dz3W824tK/aqIowSOwDE4BR6ogTq4AQ3QBBg8gmfwCt6sJ+vFerc+Zq1LVjFzAP7A+vwBEuSV7Q==</latexit><latexit sha1_base64="iCgbFIXj11K7Cj6UMhMfhZ1Rd1U=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpCItC6LblxWsA9oYphMJ+3QmUmYmQglFDf+ihsXirj1K9z5N07bLLT1wIXDOfdy7z1RyqjSrvttLS2vrK6tlzbKm1vbO7v23n5LJZnEpIkTlshOhBRhVJCmppqRTioJ4hEj7Wh4PfHbD0Qqmog7PUpJwFFf0JhipI0U2oejsAN9RTmsOjVfU06U597nZ9VxaFdcx50CLhKvIBVQoBHaX34vwRknQmOGlOp6bqqDHElNMSPjsp8pkiI8RH3SNVQgsyvIpy+M4YlRejBOpCmh4VT9PZEjrtSIR6aTIz1Q895E/M/rZjq+DHIq0kwTgWeL4oxBncBJHrBHJcGajQxBWFJzK8QDJBHWJrWyCcGbf3mRtM4dz3W824tK/aqIowSOwDE4BR6ogTq4AQ3QBBg8gmfwCt6sJ+vFerc+Zq1LVjFzAP7A+vwBEuSV7Q==</latexit><latexit sha1_base64="iCgbFIXj11K7Cj6UMhMfhZ1Rd1U=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpCItC6LblxWsA9oYphMJ+3QmUmYmQglFDf+ihsXirj1K9z5N07bLLT1wIXDOfdy7z1RyqjSrvttLS2vrK6tlzbKm1vbO7v23n5LJZnEpIkTlshOhBRhVJCmppqRTioJ4hEj7Wh4PfHbD0Qqmog7PUpJwFFf0JhipI0U2oejsAN9RTmsOjVfU06U597nZ9VxaFdcx50CLhKvIBVQoBHaX34vwRknQmOGlOp6bqqDHElNMSPjsp8pkiI8RH3SNVQgsyvIpy+M4YlRejBOpCmh4VT9PZEjrtSIR6aTIz1Q895E/M/rZjq+DHIq0kwTgWeL4oxBncBJHrBHJcGajQxBWFJzK8QDJBHWJrWyCcGbf3mRtM4dz3W824tK/aqIowSOwDE4BR6ogTq4AQ3QBBg8gmfwCt6sJ+vFerc+Zq1LVjFzAP7A+vwBEuSV7Q==</latexit><latexit sha1_base64="iCgbFIXj11K7Cj6UMhMfhZ1Rd1U=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgxpCItC6LblxWsA9oYphMJ+3QmUmYmQglFDf+ihsXirj1K9z5N07bLLT1wIXDOfdy7z1RyqjSrvttLS2vrK6tlzbKm1vbO7v23n5LJZnEpIkTlshOhBRhVJCmppqRTioJ4hEj7Wh4PfHbD0Qqmog7PUpJwFFf0JhipI0U2oejsAN9RTmsOjVfU06U597nZ9VxaFdcx50CLhKvIBVQoBHaX34vwRknQmOGlOp6bqqDHElNMSPjsp8pkiI8RH3SNVQgsyvIpy+M4YlRejBOpCmh4VT9PZEjrtSIR6aTIz1Q895E/M/rZjq+DHIq0kwTgWeL4oxBncBJHrBHJcGajQxBWFJzK8QDJBHWJrWyCcGbf3mRtM4dz3W824tK/aqIowSOwDE4BR6ogTq4AQ3QBBg8gmfwCt6sJ+vFerc+Zq1LVjFzAP7A+vwBEuSV7Q==</latexit>

in terms of the scaling parameter y the cascade spectrum is universal

✏X ⇠ 4
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✏2e✏

m2
e

⇠ ✏�
3

<latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit><latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit><latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit><latexit sha1_base64="cwLlvvs+Lxe+eXyCqacKI+HoLBY="></latexit>
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EM cascade
Qualitative description (monochromatic photon gas):
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EM cascade
Qualitative description (monochromatic photon gas):

n�(E�) =

8
>>><

>>>:

⇣
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if E�  ✏X

⇣
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✏X

⌘⇣
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✏X

⌘�2
if ✏X  E�  ✏�

0 if E� � ✏�
<latexit sha1_base64="PxlmXFPCs3dDds+AiazavKL9h0s="></latexit><latexit sha1_base64="PxlmXFPCs3dDds+AiazavKL9h0s="></latexit><latexit sha1_base64="PxlmXFPCs3dDds+AiazavKL9h0s="></latexit><latexit sha1_base64="PxlmXFPCs3dDds+AiazavKL9h0s="></latexit>

K =
✏0

✏X(2 + ln 3)
=

m2
e

10mpm⇡(2 + ln 3)
⇡ 1.8⇥ 104

<latexit sha1_base64="H4zh7hFACy8DqWkYcpesBRE5lag="></latexit><latexit sha1_base64="H4zh7hFACy8DqWkYcpesBRE5lag="></latexit><latexit sha1_base64="H4zh7hFACy8DqWkYcpesBRE5lag="></latexit><latexit sha1_base64="H4zh7hFACy8DqWkYcpesBRE5lag="></latexit>
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EM cascade

The dichromatic photon gas approximation:

The photon gas consists of two populations 

(EBL = Extragalactic Background Light ; CMB = Cosmic Microwave Background)

✏ebl � ✏cmb
<latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit>

✏ebl ⇠ 1 eV
<latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit>

✏cmb ⇠ 6.3⇥ 10�4 eV
<latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit>

ncmb � nebl
<latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit>

and

Approximation: and
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EM cascade

The dichromatic photon gas approximation:

The photon gas consists of two populations 

(EBL = Extragalactic Background Light ; CMB = Cosmic Microwave Background)

✏ebl � ✏cmb
<latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit><latexit sha1_base64="EOwV2sCDZsHg6aFwVp5dBf9c560=">AAACE3icbZDLSsNAFIYn9VbrLerSzWApiIuSiKDLohuXFewFmlAm05N06OTCzEQoIe/gxldx40IRt27c+TZO2ixs6w8DH/+Zwznn9xLOpLKsH6Oytr6xuVXdru3s7u0fmIdHXRmngkKHxjwWfY9I4CyCjmKKQz8RQEKPQ8+b3Bb13iMIyeLoQU0TcEMSRMxnlChtDc1zBxLJuMbMESEGj+fYCQK8aNPQy/HQrFtNaya8CnYJdVSqPTS/nVFM0xAiRTmRcmBbiXIzIhSjHPKak0pICJ2QAAYaIxKCdLPZTTluaGeE/VjoFyk8c/92ZCSUclrs1QiJGsvlWmH+Vxukyr92MxYlqYKIzgf5KccqxkVAeMQEUMWnGggVTO+K6ZgIQpWOsaZDsJdPXoXuRdO2mvb9Zb11U8ZRRSfoFJ0hG12hFrpDbdRBFD2hF/SG3o1n49X4MD7nXytG2XOMFmR8/QIpQJ5O</latexit>

✏ebl ⇠ 1 eV
<latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit><latexit sha1_base64="uVrROqF7rK8DEB+ow3NR8ErKnDE=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6yCCykzIuiy6MZlBXuBzlAy6WkbmmSGJCOUYV7Aja/ixoUibt27821M21lo6w+Bj/+cw8n5o4QzbTzv21laXlldWy9tlDe3tnd23b39po5TRaFBYx6rdkQ0cCahYZjh0E4UEBFxaEWjm0m99QBKs1jem3ECoSADyfqMEmOtrnscQKIZt5gFSmCIeI4DzQT2gzM8s5p51614VW8qvAh+ARVUqN51v4JeTFMB0lBOtO74XmLCjCjDKIe8HKQaEkJHZAAdi5II0GE2vSbHJ9bp4X6s7JMGT93fExkRWo9FZDsFMUM9X5uY/9U6qelfhRmTSWpA0tmifsqxifEkGtxjCqjhYwuEKmb/iumQKEKNDbBsQ/DnT16E5nnV96r+3UWldl3EUUKH6AidIh9dohq6RXXUQBQ9omf0it6cJ+fFeXc+Zq1LTjFzgP7I+fwBaWSbGg==</latexit>

✏cmb ⇠ 6.3⇥ 10�4 eV
<latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit><latexit sha1_base64="rKqKTfaoFpH6X9cTtaeOD7O2rj4=">AAACHHicbVBNS8NAEN34WetX1aOXxVLwoCWxRT0WvXisYD+gqWWznbZLd5OwuxFKyA/x4l/x4kERLx4E/42bNgdtfTDweG+GmXleyJnStv1tLS2vrK6t5zbym1vbO7uFvf2mCiJJoUEDHsi2RxRw5kNDM82hHUogwuPQ8sbXqd96AKlY4N/pSQhdQYY+GzBKtJF6hYoLoWLc0NiVAlPhJdhVTODzcsXVTIBy7Pv4tJq4J3jaAc2kVyjaZXsKvEicjBRRhnqv8On2AxoJ8DXlRKmOY4e6GxOpGeWQ5N1IQUjomAyhY6hPzNpuPH0uwSWj9PEgkKZ8jafq74mYCKUm6d0lQfRIzXup+J/XifTgshszP4w0+HS2aBBxrAOcJoX7TALVfGIIoZKZWzEdEUmoNnnmTQjO/MuLpHlWduyyc1st1q6yOHLoEB2hY+SgC1RDN6iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpmDtAfWF8/C4Ggqw==</latexit>

ncmb � nebl
<latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit><latexit sha1_base64="s1q9++9T1CyJQTDso3Jbsj5SEzs=">AAACBXicbVC7TsMwFHV4lvIKMMJgUVViqhKEBGMFC2OR6ENqoshxndSq7US2g1RFWVj4FRYGEGLlH9j4G5w2A7Qc6UrH59wr33vClFGlHefbWlldW9/YrG3Vt3d29/btg8OeSjKJSRcnLJGDECnCqCBdTTUjg1QSxENG+uHkpvT7D0Qqmoh7PU2Jz1EsaEQx0kYK7BMR5J7kEPOwgF4cw+pNQlbAwG44LWcGuEzcijRAhU5gf3mjBGecCI0ZUmroOqn2cyQ1xYwUdS9TJEV4gmIyNFQgTpSfz64oYNMoIxgl0pTQcKb+nsgRV2pa7tnkSI/VoleK/3nDTEdXfk5Fmmki8PyjKGNQJ7CMBI6oJFizqSEIS2p2hXiMJMLaBFc3IbiLJy+T3nnLdVru3UWjfV3FUQPH4BScARdcgja4BR3QBRg8gmfwCt6sJ+vFerc+5q0rVjVzBP7A+vwBjbWX8g==</latexit>

and

Approximation: and

Due to these inequalities, the cascade develops in two stages:

1) p-p on CMB and IC on CMB

2) p-p on EBL and IC on CMB

p-p on EBL has a lower threshold than the p-p on CMB
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EM cascade

Characteristic energies

✏min
� = ✏�,ebl =

m2
e

✏ebl
⇡ 400GeV

<latexit sha1_base64="N/7KxjzDDgupl3l4SyeZHkbtLw4="></latexit><latexit sha1_base64="N/7KxjzDDgupl3l4SyeZHkbtLw4="></latexit><latexit sha1_base64="N/7KxjzDDgupl3l4SyeZHkbtLw4="></latexit><latexit sha1_base64="N/7KxjzDDgupl3l4SyeZHkbtLw4="></latexit>

✏�,cmb =
m2

e

✏cmb
⇡ 400TeV

<latexit sha1_base64="BZYwo4LeH7YrfbEJ7AAHb/H43uo="></latexit><latexit sha1_base64="BZYwo4LeH7YrfbEJ7AAHb/H43uo="></latexit><latexit sha1_base64="BZYwo4LeH7YrfbEJ7AAHb/H43uo="></latexit><latexit sha1_base64="BZYwo4LeH7YrfbEJ7AAHb/H43uo="></latexit>

✏e =
1

2
✏min
� ⇡ 200GeV

<latexit sha1_base64="sawaAnD87tzYNQj1ruTItNbAkZI="></latexit><latexit sha1_base64="sawaAnD87tzYNQj1ruTItNbAkZI="></latexit><latexit sha1_base64="sawaAnD87tzYNQj1ruTItNbAkZI="></latexit><latexit sha1_base64="sawaAnD87tzYNQj1ruTItNbAkZI="></latexit>

✏X =
1

3
✏min
�

✏cmb

✏ebl
⇡ 120MeV

<latexit sha1_base64="OdMuH4RzFnkLdJoZSX0aXnWmFrU="></latexit><latexit sha1_base64="OdMuH4RzFnkLdJoZSX0aXnWmFrU="></latexit><latexit sha1_base64="OdMuH4RzFnkLdJoZSX0aXnWmFrU="></latexit><latexit sha1_base64="OdMuH4RzFnkLdJoZSX0aXnWmFrU="></latexit>
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EM cascade
✏X ⇡ 120MeV

<latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit>

✏e ⇡ 200GeV
<latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit>

✏�,cmb ⇡ 400TeV
<latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit>

✏min
� ⇡ 400GeV

<latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit>

n�(E�) =

8
>>><

>>>:

⇣
K
✏X

⌘⇣
E�

✏X

⌘�3/2
if E�  ✏X

⇣
K
✏X

⌘⇣
E�

✏X

⌘�2
if ✏X  E�  ✏min

�

0 if E� � ✏min
�

<latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit>
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EM cascade
✏X ⇡ 120MeV

<latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit>

✏e ⇡ 200GeV
<latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit>

✏�,cmb ⇡ 400TeV
<latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit>

✏min
� ⇡ 400GeV

<latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit>

n�(E�) =

8
>>><

>>>:
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⌘�2
if ✏X  E�  ✏min

�

0 if E� � ✏min
�

<latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit>

1) Both the CMB and EBL are continuous distributions, not monochromatic. 

Used approximation:

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           



EM cascade
✏X ⇡ 120MeV

<latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit>

✏e ⇡ 200GeV
<latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit>

✏�,cmb ⇡ 400TeV
<latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit>

✏min
� ⇡ 400GeV

<latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit>

n�(E�) =

8
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>>>:

⇣
K
✏X

⌘⇣
E�

✏X
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<latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit>

1) Both the CMB and EBL are continuous distributions, not monochromatic. 
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EM cascade
EBL: The light emitted by all galaxies over the history of the Universe at 

ultraviolet, optical, and infrared wavelengths 
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EM cascade
✏X ⇡ 120MeV

<latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit>

✏e ⇡ 200GeV
<latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit>

✏�,cmb ⇡ 400TeV
<latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit>

✏min
� ⇡ 400GeV

<latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit>

n�(E�) =

8
>>><

>>>:
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⌘�3/2
if E�  ✏X
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⌘⇣
E�

✏X

⌘�2
if ✏X  E�  ✏min

�

0 if E� � ✏min
�

<latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit>

1) Both the CMB and EBL are continuous distributions, not monochromatic. 

Used approximation:

2) The approximate mean recoil energy in IC: E� =
4

3

E2
e

m2
e

✏cmb
<latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit>

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           



EM cascade
✏X ⇡ 120MeV

<latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit>

✏e ⇡ 200GeV
<latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit>

✏�,cmb ⇡ 400TeV
<latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit>

✏min
� ⇡ 400GeV

<latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit>

n�(E�) =

8
>>><

>>>:

⇣
K
✏X
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E�

✏X

⌘�3/2
if E�  ✏X

⇣
K
✏X

⌘⇣
E�

✏X

⌘�2
if ✏X  E�  ✏min

�

0 if E� � ✏min
�

<latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit>

1) Both the CMB and EBL are continuous distribution, not monochromatic 

2) The approximate mean recoil energy in IC: E� =
4

3

E2
e

m2
e

✏cmb
<latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit>

Used approximation:

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           



EM cascade
✏X ⇡ 120MeV

<latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit>

✏e ⇡ 200GeV
<latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit>

✏�,cmb ⇡ 400TeV
<latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit>

✏min
� ⇡ 400GeV

<latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit>

n�(E�) =

8
>>><

>>>:

⇣
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✏X
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E�

✏X

⌘�3/2
if E�  ✏X

⇣
K
✏X

⌘⇣
E�

✏X

⌘�2
if ✏X  E�  ✏min

�

0 if E� � ✏min
�

<latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit>

1) Both the CMB and EBL are continuous distribution, not monochromatic 

2) The approximate mean recoil energy in IC: E� =
4

3

E2
e

m2
e

✏cmb
<latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit>

3) We neglected the expansion of the Universe (energy redshift).

Used approximation:

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           



EM cascade
✏X ⇡ 120MeV

<latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit>

✏e ⇡ 200GeV
<latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit>

✏�,cmb ⇡ 400TeV
<latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit>

✏min
� ⇡ 400GeV

<latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit>

n�(E�) =

8
>>><

>>>:

⇣
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✏X
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⌘�3/2
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⌘⇣
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✏X

⌘�2
if ✏X  E�  ✏min

�

0 if E� � ✏min
�

<latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit>

1) Both the CMB and EBL are continuous distribution, not monochromatic 

2) The approximate mean recoil energy in IC: E� =
4

3

E2
e

m2
e

✏cmb
<latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit>

3) We neglected the expansion of the Universe (energy redshift).

4) Intergalactic magnetic field (synchrotron radiation, deflections, halo, etc).

Used approximation:

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           



EM cascade
✏X ⇡ 120MeV

<latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit>

✏e ⇡ 200GeV
<latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit>

✏�,cmb ⇡ 400TeV
<latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit>

✏min
� ⇡ 400GeV

<latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit>

n�(E�) =

8
>>><

>>>:

⇣
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⌘⇣
E�
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⌘⇣
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⌘�2
if ✏X  E�  ✏min

�

0 if E� � ✏min
�

<latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit>

1) Both the CMB and EBL are continuous distribution, not monochromatic 

2) The approximate mean recoil energy in IC: E� =
4

3

E2
e

m2
e

✏cmb
<latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit>

3) We neglected the expansion of the Universe (energy redshift).

4) Intergalactic magnetic field (synchrotron radiation, deflections, halo, etc).

5) Distance of the source: not fully developed cascades.

Used approximation:

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           



EM cascade
✏X ⇡ 120MeV

<latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit><latexit sha1_base64="/VQq8zNdXKspjmdhcQ1tW6Ssxac=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmaKoMuiGzdCBfuAzlAy6Z02NDMJSUYsQz/Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzLjf3hJIzbVz321laXlldWy9sFDe3tnd2S3v7TS1SRaFBBReqHRINnCXQMMxwaEsFJA45tMLh1cRv3YPSTCR3ZiQhiEk/YRGjxFipWyr7IDXjlmbtsU+kVOIBe1XXP8WZr2J8A82xTbkVdwq8SLyclFGOerf05fcETWNIDOVE647nShNkRBlGOYyLfqpBEjokfehYmpAYdJBNjxnjY6v0cCSUfYnBU/X3REZirUdxaJMxMQM9703E/7xOaqKLIGOJTA0kdLYoSjk2Ak+awT2mgBo+soRQxexfMR0QRaix/RVtCd78yYukWa14bsW7PSvXLvM6CugQHaET5KFzVEPXqI4aiKJH9Ixe0Zvz5Lw4787HLLrk5DMH6A+czx+3GZq6</latexit>

✏e ⇡ 200GeV
<latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit><latexit sha1_base64="bBNyD1a3gfWYqqX2c3VgfyacJPY=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJiqDLogtdVrAXaEKZTE/boZNkmJmIJeQF3Pgqblwo4ta9O9/GaZuFtv4w8PGfczhz/kBwprTjfFuFpeWV1bXiemljc2t7x97da6o4kRQaNOaxbAdEAWcRNDTTHNpCAgkDDq1gdDWpt+5BKhZHd3oswA/JIGJ9Rok2Vtc+8kAoxg2mkGGPCCHjB1x1HO8Up54M8TU0s65ddirOVHgR3BzKKFe9a395vZgmIUSacqJUx3WE9lMiNaMcspKXKBCEjsgAOgYjEoLy0+k1GT42Tg/3Y2lepPHU/T2RklCpcRiYzpDooZqvTcz/ap1E9y/8lEUi0RDR2aJ+wrGO8SQa3GMSqOZjA4RKZv6K6ZBIQrUJsGRCcOdPXoRmteI6Fff2rFy7zOMoogN0iE6Qi85RDd2gOmogih7RM3pFb9aT9WK9Wx+z1oKVz+yjP7I+fwAfE5rq</latexit>

✏�,cmb ⇡ 400TeV
<latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit><latexit sha1_base64="sDKPhbW2XX8JeEjV7NY1LSbdxo0=">AAACHHicbZBNSwMxEIazflu/qh69BEvBg5RdLehR9OKxQlsL3VJm02kNJrshyYpl2R/ixb/ixYMiXjwI/hvT2oO2DgQe3jfDzLyREtxY3//y5uYXFpeWV1YLa+sbm1vF7Z2mSVLNsMESkehWBAYFj7FhuRXYUhpBRgKvo9uLkX99h9rwJK7bocKOhEHM+5yBdVK3eByiMlw4zMIBSAmHWaglZTLKcxqCUjq5p1XfDw/p2KhjM+8WS37FHxedhWACJTKpWrf4EfYSlkqMLRNgTDvwle1koC1nAvNCmBpUwG5hgG2HMUg0nWx8XE7LTunRfqLdiy0dq787MpDGDN2+tCzB3phpbyT+57VT2z/tZDxWqcWY/Qzqp4LahI6Soj2ukVkxdABMc7crZTeggVmXZ8GFEEyfPAvNo0rgV4KraunsfBLHCtkj++SABOSEnJFLUiMNwsgDeSIv5NV79J69N+/95+ucN+nZJX/K+/wG96GhOg==</latexit>

✏min
� ⇡ 400GeV

<latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit><latexit sha1_base64="iTSdIGifJ3kSQbDAp6iCHaQDMpw=">AAACGnicbZBNSwMxEIazflu/qh69BIvgQcquCHoUPehRwdZCt5bZdNoGk2xIsmJZ+ju8+Fe8eFDEm3jx35jWHrT1hcDDOzNM5k204NaF4VcwNT0zOze/sFhYWl5ZXSuub1RtmhmGFZaK1NQSsCi4worjTmBNGwSZCLxObk8H9es7NJan6sr1NDYkdBRvcwbOW81iFKO2XHiMOyAl3OSxkVRy1acxaG3Se3oQhvEeHfpnWO03i6WwHA5FJyEaQYmMdNEsfsStlGUSlWMCrK1HoXaNHIzjTGC/EGcWNbBb6GDdowKJtpEPT+vTHe+0aDs1/ilHh+7viRyktT2Z+E4JrmvHawPzv1o9c+2jRs6Vzhwq9rOonQnqUjrIiba4QeZEzwMww/1fKeuCAeZ8mgUfQjR+8iRU98tRWI4uD0rHJ6M4FsgW2Sa7JCKH5JickwtSIYw8kCfyQl6Dx+A5eAvef1qngtHMJvmj4PMbY36gZQ==</latexit>

n�(E�) =

8
>>><

>>>:
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⌘�3/2
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⌘⇣
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⌘�2
if ✏X  E�  ✏min

�

0 if E� � ✏min
�

<latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit><latexit sha1_base64="3iVsBER6jYoWU30bKuRZ/ZUJ6Iw="></latexit>

1) Both the CMB and EBL are continuous distribution, not monochromatic 

2) The approximate mean recoil energy in IC: E� =
4

3

E2
e

m2
e

✏cmb
<latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit><latexit sha1_base64="9QVxn8IK9tTdIg5UADKMCBJAdos=">AAACJ3icbVBPS8MwHE397/w39eglOAaeRjsFvSiiCB4VnBustaTZr1swaUuSCqP023jxq3gRVESPfhOzrgfdfBDyeC+P/H4vSDhT2ra/rJnZufmFxaXlysrq2vpGdXPrVsWppNCiMY9lJyAKOIugpZnm0EkkEBFwaAf35yO//QBSsTi60cMEPEH6EQsZJdpIfvXkwnf7RAiCj7EbSkKzgzzbz0t+4cNdM89EcWEXEsW4SWWuFJiKIMd+tWY37AJ4mjglqaESV3711e3FNBUQacqJUl3HTrSXEakZ5ZBX3FRBQug96UPX0IgIUF5W7JnjulF6OIylOZHGhfo7kRGh1HA0V10QPVCT3kj8z+umOjzyMhYlqYaIjj8KU451jEel4R6TQDUfGkKoZGZWTAfENKRNtRVTgjO58jS5bTYcu+FcH9ROz8o6ltAO2kV7yEGH6BRdoivUQhQ9omf0ht6tJ+vF+rA+x09nrDKzjf7A+v4Bi7mlwg==</latexit>

3) We neglected the expansion of the Universe (energy redshift).

4) Intergalactic magnetic field (synchrotron radiation, deflections, halo, etc).

5) Distance of the source: not fully developed cascades.

6) Nearby sources lead to photon flux at Eγ  > ɛγmin

Used approximation:

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           



EM cascade
Numerical solution:

The problem is a general Boltzmann process:

Ṅe = �Ṅe,IC + Ṅe,pp + Ṅe,inj
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Where the production rate [cm-3 s-1] is:

The flux can be calculated by:
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1

2
+

8


� 1

2(1 + )2

�

<latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit>

Klein-Nishina limit

nT=CMB(✏) =
1

⇡2(~c)3
✏2

exp
⇣

✏
kbT

⌘
� 1

<latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit>

E� = �mec
2

<latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit>

Ee = !mec
2

<latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit>

, ,

Ṅe,pp = c

Z 1

0
d✏nT(✏)

Z µmax

�1
dµ

1� µ

2

Z Emax

Emin

dE�
d�pp

dE
(E� , E)

<latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit>

 
n�,inj(E�) +

Z EIC,max

EIC,min

dE0 Ne(E
0)
d�IC

dE
(E,E0 � E�)

!

<latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit>

d�pp

dE
=

3c�T (1� �02)

16


(3� �04) ln

✓
1 + �0

1� �0

◆
� 2�0(2� �02)

�

<latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit>

Example of IC:

where

Example of p-p:

�0 =
p
1� 2/!1!2(1� µ)

<latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit>

!1 = ✏/mec
2

<latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit>

!2 = E�/mec
2

<latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit>

where , ,

 = 2�(1� �µ)!
<latexit sha1_base64="0iTtcE3I7X/cGrlK7qMlCvXWN30=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDEwrAbBG2EoI1lBPOAbAh3JzebITO7y8ysEEI+wMZfsbFQxNYPsPNvnDwKTTwwcDjnXO7cEySCa+O6305mZXVtfSO7mdva3tndy+8f1HWcKoY1FotYNQPQKHiENcONwGaiEGQgsBEMbiZ+4wGV5nF0b4YJtiWEEe9xBsZKnXzBH0CSAL2iZT8EKYEWvTM/QAO+TE/9WGIINuWW3CnoMvHmpEDmqHbyX343ZqnEyDABWrc8NzHtESjDmcBxzk81JsAGEGLL0ggk6vZoesyYnlilS3uxsi8ydKr+nhiB1HooA5uUYPp60ZuI/3mt1PQu2yMeJanBiM0W9VJBTUwnzdAuV8iMGFoCTHH7V8r6oIAZ21/OluAtnrxM6uWS55a8u/NC5XpeR5YckWNSJB65IBVyS6qkRhh5JM/klbw5T86L8+58zKIZZz5zSP7A+fwBWzyZ6g==</latexit><latexit sha1_base64="0iTtcE3I7X/cGrlK7qMlCvXWN30=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDEwrAbBG2EoI1lBPOAbAh3JzebITO7y8ysEEI+wMZfsbFQxNYPsPNvnDwKTTwwcDjnXO7cEySCa+O6305mZXVtfSO7mdva3tndy+8f1HWcKoY1FotYNQPQKHiENcONwGaiEGQgsBEMbiZ+4wGV5nF0b4YJtiWEEe9xBsZKnXzBH0CSAL2iZT8EKYEWvTM/QAO+TE/9WGIINuWW3CnoMvHmpEDmqHbyX343ZqnEyDABWrc8NzHtESjDmcBxzk81JsAGEGLL0ggk6vZoesyYnlilS3uxsi8ydKr+nhiB1HooA5uUYPp60ZuI/3mt1PQu2yMeJanBiM0W9VJBTUwnzdAuV8iMGFoCTHH7V8r6oIAZ21/OluAtnrxM6uWS55a8u/NC5XpeR5YckWNSJB65IBVyS6qkRhh5JM/klbw5T86L8+58zKIZZz5zSP7A+fwBWzyZ6g==</latexit><latexit sha1_base64="0iTtcE3I7X/cGrlK7qMlCvXWN30=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDEwrAbBG2EoI1lBPOAbAh3JzebITO7y8ysEEI+wMZfsbFQxNYPsPNvnDwKTTwwcDjnXO7cEySCa+O6305mZXVtfSO7mdva3tndy+8f1HWcKoY1FotYNQPQKHiENcONwGaiEGQgsBEMbiZ+4wGV5nF0b4YJtiWEEe9xBsZKnXzBH0CSAL2iZT8EKYEWvTM/QAO+TE/9WGIINuWW3CnoMvHmpEDmqHbyX343ZqnEyDABWrc8NzHtESjDmcBxzk81JsAGEGLL0ggk6vZoesyYnlilS3uxsi8ydKr+nhiB1HooA5uUYPp60ZuI/3mt1PQu2yMeJanBiM0W9VJBTUwnzdAuV8iMGFoCTHH7V8r6oIAZ21/OluAtnrxM6uWS55a8u/NC5XpeR5YckWNSJB65IBVyS6qkRhh5JM/klbw5T86L8+58zKIZZz5zSP7A+fwBWzyZ6g==</latexit><latexit sha1_base64="0iTtcE3I7X/cGrlK7qMlCvXWN30=">AAACDHicbVC7SgNBFJ2NrxhfUUubwSDEwrAbBG2EoI1lBPOAbAh3JzebITO7y8ysEEI+wMZfsbFQxNYPsPNvnDwKTTwwcDjnXO7cEySCa+O6305mZXVtfSO7mdva3tndy+8f1HWcKoY1FotYNQPQKHiENcONwGaiEGQgsBEMbiZ+4wGV5nF0b4YJtiWEEe9xBsZKnXzBH0CSAL2iZT8EKYEWvTM/QAO+TE/9WGIINuWW3CnoMvHmpEDmqHbyX343ZqnEyDABWrc8NzHtESjDmcBxzk81JsAGEGLL0ggk6vZoesyYnlilS3uxsi8ydKr+nhiB1HooA5uUYPp60ZuI/3mt1PQu2yMeJanBiM0W9VJBTUwnzdAuV8iMGFoCTHH7V8r6oIAZ21/OluAtnrxM6uWS55a8u/NC5XpeR5YckWNSJB65IBVyS6qkRhh5JM/klbw5T86L8+58zKIZZz5zSP7A+fwBWzyZ6g==</latexit>

,
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EM cascade

Ṅe,IC = c

Z 1

0
d✏nT(✏)

Z 2�(1+�)!

2�(1��)!
dNe()

d�IC

d
<latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit><latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit><latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit><latexit sha1_base64="770W56R1BsAmVhOfpsXwvG+D4nY="></latexit>

d�IC

d
=

3�T

32�2�!2

✓
1� 4


� 8

2

◆
ln(1 + ) +

1

2
+

8


� 1

2(1 + )2

�

<latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit><latexit sha1_base64="jh9G1Tcr2KH2SYlwSXiKbOhGTho="></latexit>

Klein-Nishina limit

nT=CMB(✏) =
1

⇡2(~c)3
✏2

exp
⇣

✏
kbT

⌘
� 1

<latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit><latexit sha1_base64="qUPewnlMKD8vp+90PJ4/o0MHD2Q="></latexit>

E� = �mec
2

<latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit><latexit sha1_base64="oW6AjuVqBtxqRepTuAmSLs5UuRc=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBFclKYJuhKIILivYC7QxnEwn7dCZJMxMhBLqxldx40IRt76FO9/GaZuFtv4w8PGfczhz/iDhTGnH+bYKS8srq2vF9dLG5tb2jr2711RxKgltkJjHsh2AopxFtKGZ5rSdSAoi4LQVDK8m9dYDlYrF0Z0eJdQT0I9YyAhoY/n2wbXf7YMQgC9wDsKn5L7q22Wn4kyFF8HNoYxy1X37q9uLSSpopAkHpTquk2gvA6kZ4XRc6qaKJkCG0KcdgxEIqrxsesEYHxunh8NYmhdpPHV/T2QglBqJwHQK0AM1X5uY/9U6qQ7PvYxFSappRGaLwpRjHeNJHLjHJCWajwwAkcz8FZMBSCDahFYyIbjzJy9Cs1pxnYp7e1quXeZxFNEhOkInyEVnqIZuUB01EEGP6Bm9ojfryXqx3q2PWWvBymf20R9Znz+vp5W+</latexit>

Ee = !mec
2

<latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit><latexit sha1_base64="mY84oISSZzK6IWSmKZ+VMcm6pd8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIi6EUoiuCxgv2ANobNdtIu3U3C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lRRaNOax7AZEAWcRtDTTHLqJBCICDp1gfD31O48gFYuje50l4AkyjFjIKNFG8u3KjQ/4EvdjAUOChQ/0oe7bVafmzICXiVuQKirQ9O2v/iCmqYBIU06U6rlOor2cSM0oh0m5nypICB2TIfQMjYgA5eWz4yf4xCgDHMbSVKTxTP09kROhVCYC0ymIHqlFbyr+5/VSHV54OYuSVENE54vClGMd42kSeMAkUM0zQwiVzNyK6YhIQrXJq2xCcBdfXibtes11au7dWbVxVcRRQkfoGJ0iF52jBrpFTdRCFGXoGb2iN+vJerHerY9564pVzFTQH1ifP9d2k5g=</latexit>

, ,

Ṅe,pp = c

Z 1

0
d✏nT(✏)

Z µmax

�1
dµ

1� µ

2

Z Emax

Emin

dE�
d�pp

dE
(E� , E)

<latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit><latexit sha1_base64="N+819TxVMjvS0tps99JIoeAJc/c="></latexit>

 
n�,inj(E�) +

Z EIC,max

EIC,min

dE0 Ne(E
0)
d�IC

dE
(E,E0 � E�)

!

<latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit><latexit sha1_base64="3Qyuk0mIUPdyrrpBlTY6EwBML1k="></latexit>

d�pp

dE
=

3c�T (1� �02)

16


(3� �04) ln

✓
1 + �0

1� �0

◆
� 2�0(2� �02)

�

<latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit><latexit sha1_base64="UKGBmI6EfkRjOSusXaxqQVlRjHM="></latexit>

Example of IC:

where

Example of p-p:

�0 =
p
1� 2/!1!2(1� µ)

<latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit><latexit sha1_base64="EYLzB2bGZFrLxHFacVccHqEZUP0=">AAACGnicbVBNSwMxEM36bf2qevQSLIIeWjdF0IsgevGoYLXQrSWbTttgsrsms0JZ+ju8+Fe8eFDEm3jx35jWPaj1wTCP92ZI5oWJkhZ9/9ObmJyanpmdmy8sLC4trxRX1y5tnBoBNRGr2NRDbkHJCGooUUE9McB1qOAqvDkZ+ld3YKyMowvsJ9DUvBvJjhQcndQqsiAE5NdBYqQGekgDe2swY+XqbhBr6PIWy3t1m5UDne4MWsWSX/FHoOOE5aREcpy1iu9BOxaphgiF4tY2mJ9gM+MGpVAwKASphYSLG96FhqMR12Cb2ei0Ad1ySpt2YuMqQjpSf25kXFvb16Gb1Bx79q83FP/zGil2DpqZjJIUIRLfD3VSRTGmw5xoWxoQqPqOcGGk+ysVPW64QJdmwYXA/p48Ti6rFeZX2Ple6eg4j2OObJBNsk0Y2SdH5JSckRoR5J48kmfy4j14T96r9/Y9OuHlO+vkF7yPLwthn5Y=</latexit>

!1 = ✏/mec
2

<latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit><latexit sha1_base64="ho7XntZ0k7ylwnrzr9moVR6RQGk=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBU5wJgl6EoBePEcwCSRx6OpWkSS9Dd48QQsCLv+LFgyJe/Qlv/o2d5aCJDwoe71VRVS9OODM2CL69zNLyyupadj23sbm1vePv7lWNSjWFClVc6XpMDHAmoWKZ5VBPNBARc6jF/euxX3sAbZiSd3aQQEuQrmQdRol1UuQfNJWALolCfImbkBjGlTwVEdD7YuTng0IwAV4k4Yzk0QzlyP9qthVNBUhLOTGmEQaJbQ2JtoxyGOWaqYGE0D7pQsNRSQSY1nDywwgfO6WNO0q7khZP1N8TQyKMGYjYdQpie2beG4v/eY3Udi5aQyaT1IKk00WdlGOr8DgQ3GYaqOUDRwjVzN2KaY9oQq2LLedCCOdfXiTVYiEMCuHtWb50NYsjiw7RETpBITpHJXSDyqiCKHpEz+gVvXlP3ov37n1MWzPebGYf/YH3+QOF8JbK</latexit>

!2 = E�/mec
2

<latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit><latexit sha1_base64="Y4RAjAsaIeejoR/PsVObxm1eOzM=">AAACA3icbVDLSgNBEJz1GeMr6k0vg0HwFHeDoBchKILHCOYBSVx6J53NkJndZWZWCCHgxV/x4kERr/6EN//GyeOgiQUNRVU33V1BIrg2rvvtLCwuLa+sZtay6xubW9u5nd2qjlPFsMJiEat6ABoFj7BiuBFYTxSCDATWgt7VyK89oNI8ju5MP8GWhDDiHc7AWMnP7TdjiSH4RXpBr/1mCFLCifSR3Rf9XN4tuGPQeeJNSZ5MUfZzX812zFKJkWECtG54bmJaA1CGM4HDbDPVmADrQYgNSyOQqFuD8Q9DemSVNu3EylZk6Fj9PTEAqXVfBrZTgunqWW8k/uc1UtM5bw14lKQGIzZZ1EkFNTEdBULbXCEzom8JMMXtrZR1QQEzNrasDcGbfXmeVIsFzy14t6f50uU0jgw5IIfkmHjkjJTIDSmTCmHkkTyTV/LmPDkvzrvzMWldcKYze+QPnM8fBgSWeA==</latexit>

where , ,

ELMAG, M. Kachelrieß et al
GCascade, C. Blanco
EleCA, DINT, CRPropa 

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           



An example of multi-messenger approach


what can we learn about the source(s) of 
IceCube neutrinos?
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Flavoring at IceCube

⌫µ(⌫̄µ)
⌫e(⌫̄e)

⌫⌧ (⌫̄⌧ )
⌧�(⌧+)

µ�(µ+) e�(e+)

µ�(µ+)

CC

CC
Leptonic 

decay

⌫⌧ (⌫̄⌧ )
⌧�(⌧+)

NC

CC
Hadronic 

decay

⌫↵(⌫̄↵)

⌫↵(⌫̄↵) CC

muon-track events cascade events

figures from 
IceCube 
website
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Flavoring at IceCube

⌫µ(⌫̄µ)
⌫e(⌫̄e)

⌫⌧ (⌫̄⌧ )
⌧�(⌧+)

µ�(µ+) e�(e+)

µ�(µ+)

CC

CC
Leptonic 

decay

⌫⌧ (⌫̄⌧ )
⌧�(⌧+)

NC

CC
Hadronic 

decay

⌫↵(⌫̄↵)

⌫↵(⌫̄↵) CC

muon-track events cascade events

figures from 
IceCube 
website

good angular 
resolution ( < 1o )


moderate energy 
resolution (σE ~ E)

poor angular resolution 
( < 10o - 20o )


good energy resolution 
(σE ~ 0.15 x E)
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IceCube data

! 7.5 years HESE:

d�⌫

dE⌫
= 10�18 · �astro

✓
E⌫

100 TeV

◆��astro

<latexit sha1_base64="FpLGw/Hzp+Wd0n4AtrtRj/t7srY="></latexit>

[GeV�1cm�2s�1sr�1]

<latexit sha1_base64="yFSW8f8SSQLZcED1Glui6Lj9m48=">AAACH3icbVDLSgMxFM3UV62vUZdugkVwY5kpRV0WXeiygn1AO5ZMmmlDk5khyQhlmD9x46+4caGIuOvfmHksauuFwHncy809bsioVJY1N0pr6xubW+Xtys7u3v6BeXjUkUEkMGnjgAWi5yJJGPVJW1HFSC8UBHGXka47vU397jMRkgb+o5qFxOFo7FOPYqS0NDQv+/FAcHhHOslTfGEnGcM8JfWcyAVDipw4Q7Nq1ays4CqwC1AFRbWG5s9gFOCIE19hhqTs21aonBgJRTEjSWUQSRIiPEVj0tfQR5xIJ87uS+CZVkbQC4R+voKZujgRIy7ljLu6kyM1kcteKv7n9SPlXTsx9cNIER/ni7yIQRXANCw4ooJgxWYaICyo/ivEEyQQVjrSig7BXj55FXTqNbtRazw0qs2bIo4yOAGn4BzY4Ao0wT1ogTbA4AW8gQ/wabwa78aX8Z23loxi5hj8KWP+C771os0=</latexit>

�astro = 6.45+1.46
�0.46

<latexit sha1_base64="c/7qJAhy0+ZZ9V6VRTG9ixxQCxU=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6UgiCGRWN0IRTcuK9gHNDFMppN26OTBzEQoIV/gxl9x40IRt67d+TdO0y609cDlHs65l5l7/IRRIU3zWystLa+srpXXKxubW9s7+u5eW8Qpx6SFYxbzro8EYTQiLUklI92EExT6jHT80fXE7zwQLmgc3clxQtwQDSIaUIykkjy95iRD6mUODyESksf5Zd2wz+6zY8uw67mXnZhF16umYRaAi8SakSqYoenpX04/xmlIIokZEqJnmYl0M8QlxYzkFScVJEF4hAakp2iEQiLcrDgnhzWl9GEQc1WRhIX6eyNDoRDj0FeTIZJDMe9NxP+8XiqDCzejUZJKEuHpQ0HKoIzhJBvYp5xgycaKIMyp+ivEQ8QRlirBigrBmj95kbRPDcs27Fu72riaxVEGB+AQHAELnIMGuAFN0AIYPIJn8AretCftRXvXPqajJW22sw/+QPv8ASS8mjw=</latexit>

Ethr = 60 TeV

<latexit sha1_base64="u/GZAw6o8C9PD0vyk8amjkXSNGY=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZKepGKIrgskJf0A5DJk3b0CQzJBmhDNONv+LGhSJu/Qt3/o3pdBbaeuDCyTn3kntPEDGqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTCWmDRxyELZCZAijArS1FQz0okkQTxgpB2Mb2d++5FIRUPR0JOIeBwNBR1QjLSRfPvozk96kkM9kun1hTPNHg3SSn277FScDHCZuDkpgxx13/7q9UMccyI0ZkiprutE2kuQ1BQzkpZ6sSIRwmM0JF1DBeJEeUl2QQpPjdKHg1CaEhpm6u+JBHGlJjwwnRzpkVr0ZuJ/XjfWgysvoSKKNRF4/tEgZlCHcBYH7FNJsGYTQxCW1OwK8QhJhLUJrWRCcBdPXiat84pbrVQfquXaTR5HERyDE3AGXHAJauAe1EETYDAFz+AVvFlP1ov1bn3MWwtWPnMI/sD6/AGzEpZq</latexit>

�astro = 2.89+0.2
�0.19

<latexit sha1_base64="0Pm1e1rZpQh6kqh3lH81qHydDG0=">AAACD3icbVDLSgNBEJyNrxhfUY9eBoMiiMtuCJgchKAXjxHMA5K49E4myZCZ3WVmVgjL/oEXf8WLB0W8evXm3zh5HDRa0FBUddPd5UecKe04X1ZmaXlldS27ntvY3Nreye/uNVQYS0LrJOShbPmgKGcBrWumOW1FkoLwOW36o6uJ37ynUrEwuNXjiHYFDALWZwS0kbz8cWcAQoCXdKTAoLQM04uiXa7cJaeOXUy95Myx3Urq5QuO7UyB/xJ3TgpojpqX/+z0QhILGmjCQam260S6m4DUjHCa5jqxohGQEQxo29AABFXdZPpPio+M0sP9UJoKNJ6qPycSEEqNhW86BeihWvQm4n9eO9b9cjdhQRRrGpDZon7MsQ7xJBzcY5ISzceGAJHM3IrJECQQbSLMmRDcxZf/kkbRdkt26aZUqF7O48iiA3SITpCLzlEVXaMaqiOCHtATekGv1qP1bL1Z77PWjDWf2Ue/YH18AzCVmtM=</latexit>

All-flavor
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IceCube data

! 6 years Cascade events:

d�⌫

dE⌫
= 10�18 · �astro

✓
E⌫

100 TeV

◆��astro

<latexit sha1_base64="FpLGw/Hzp+Wd0n4AtrtRj/t7srY="></latexit>

[GeV�1cm�2s�1sr�1]

<latexit sha1_base64="yFSW8f8SSQLZcED1Glui6Lj9m48=">AAACH3icbVDLSgMxFM3UV62vUZdugkVwY5kpRV0WXeiygn1AO5ZMmmlDk5khyQhlmD9x46+4caGIuOvfmHksauuFwHncy809bsioVJY1N0pr6xubW+Xtys7u3v6BeXjUkUEkMGnjgAWi5yJJGPVJW1HFSC8UBHGXka47vU397jMRkgb+o5qFxOFo7FOPYqS0NDQv+/FAcHhHOslTfGEnGcM8JfWcyAVDipw4Q7Nq1ays4CqwC1AFRbWG5s9gFOCIE19hhqTs21aonBgJRTEjSWUQSRIiPEVj0tfQR5xIJ87uS+CZVkbQC4R+voKZujgRIy7ljLu6kyM1kcteKv7n9SPlXTsx9cNIER/ni7yIQRXANCw4ooJgxWYaICyo/ivEEyQQVjrSig7BXj55FXTqNbtRazw0qs2bIo4yOAGn4BzY4Ao0wT1ogTbA4AW8gQ/wabwa78aX8Z23loxi5hj8KWP+C771os0=</latexit>

One-flavor

�astro = 1.66+0.25
�0.27

<latexit sha1_base64="bNQR8U7rs44IJ8rB/goy0gGp8lI=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6UgiCEptXUjFN24rGAf0MQwmU7aoZMHMxOhhHyBG3/FjQtF3Lp25984bbPQ1gOXezjnXmbu8WJGhTTNb62wsrq2vlHcLG1t7+zu6fsHHRElHJM2jljEex4ShNGQtCWVjPRiTlDgMdL1xtdTv/tAuKBReCcnMXECNAypTzGSSnL1ih2PqJvaPIBISB5ll5ZRr9+np6ZRPc/c9Ez1RubqZdMwZ4DLxMpJGeRoufqXPYhwEpBQYoaE6FtmLJ0UcUkxI1nJTgSJER6jIekrGqKACCednZPBilIG0I+4qlDCmfp7I0WBEJPAU5MBkiOx6E3F/7x+Iv0LJ6VhnEgS4vlDfsKgjOA0GzignGDJJoogzKn6K8QjxBGWKsGSCsFaPHmZdKqGVTNqt7Vy8yqPowiOwDE4ARZogCa4AS3QBhg8gmfwCt60J+1Fe9c+5qMFLd85BH+gff4AGceaNQ==</latexit>

�astro = 2.53± 0.07

<latexit sha1_base64="lpzRScS93gn88CJ9oiGmtN0/wHY=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqszUSt0IRTcuK9gHdIZyJ03b0GRmSDJCGbpz46+4caGIW3/BnX9j2s5CWw9c7uGce0nuCWLOlHacbyu3srq2vpHfLGxt7+zu2fsHTRUlktAGiXgk2wEoyllIG5ppTtuxpCACTlvB6Gbqtx6oVCwK7/U4pr6AQcj6jIA2Utc+9gYgBHRTTwoMSstoclUuXZx7sXBKTrVrF02bAS8TNyNFlKHetb+8XkQSQUNNOCjVcZ1Y+ylIzQink4KXKBoDGcGAdgwNQVDlp7M7JvjUKD3cj6SpUOOZ+nsjBaHUWARmUoAeqkVvKv7ndRLdv/RTFsaJpiGZP9RPONYRnoaCe0xSovnYECCSmb9iMgQJRJvoCiYEd/HkZdIsl9xKqXJXKdauszjy6AidoDPkoiqqoVtURw1E0CN6Rq/ozXqyXqx362M+mrOynUP0B9bnDwYCmBs=</latexit>

Ethr = 16 TeV

<latexit sha1_base64="P3GIVAgchOLfr4qEVTuY8Lgvezs=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZKepGKIrgskJf0A5DJk3b0CQzJBmhDNONv+LGhSJu/Qt3/o3pdBbaeuDCyTn3kntPEDGqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTCWmDRxyELZCZAijArS1FQz0okkQTxgpB2Mb2d++5FIRUPR0JOIeBwNBR1QjLSRfPvozk96kkM9kum1ezHNHg3SSn277FScDHCZuDkpgxx13/7q9UMccyI0ZkiprutE2kuQ1BQzkpZ6sSIRwmM0JF1DBeJEeUl2QQpPjdKHg1CaEhpm6u+JBHGlJjwwnRzpkVr0ZuJ/XjfWgysvoSKKNRF4/tEgZlCHcBYH7FNJsGYTQxCW1OwK8QhJhLUJrWRCcBdPXiat84pbrVQfquXaTR5HERyDE3AGXHAJauAe1EETYDAFz+AVvFlP1ov1bn3MWwtWPnMI/sD6/AG0m5Zr</latexit>

IceCube, 2001.09520
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IceCube data

! 9.5 years Through-going Muon Tracks:

d�⌫

dE⌫
= 10�18 · �astro

✓
E⌫

100 TeV

◆��astro

<latexit sha1_base64="FpLGw/Hzp+Wd0n4AtrtRj/t7srY="></latexit>

[GeV�1cm�2s�1sr�1]

<latexit sha1_base64="yFSW8f8SSQLZcED1Glui6Lj9m48=">AAACH3icbVDLSgMxFM3UV62vUZdugkVwY5kpRV0WXeiygn1AO5ZMmmlDk5khyQhlmD9x46+4caGIuOvfmHksauuFwHncy809bsioVJY1N0pr6xubW+Xtys7u3v6BeXjUkUEkMGnjgAWi5yJJGPVJW1HFSC8UBHGXka47vU397jMRkgb+o5qFxOFo7FOPYqS0NDQv+/FAcHhHOslTfGEnGcM8JfWcyAVDipw4Q7Nq1ays4CqwC1AFRbWG5s9gFOCIE19hhqTs21aonBgJRTEjSWUQSRIiPEVj0tfQR5xIJ87uS+CZVkbQC4R+voKZujgRIy7ljLu6kyM1kcteKv7n9SPlXTsx9cNIER/ni7yIQRXANCw4ooJgxWYaICyo/ivEEyQQVjrSig7BXj55FXTqNbtRazw0qs2bIo4yOAGn4BzY4Ao0wT1ogTbA4AW8gQ/wabwa78aX8Z23loxi5hj8KWP+C771os0=</latexit>

One-flavor
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Ethr = 119 TeV

<latexit sha1_base64="cMuyX136Pd7dcrB0jhkQnhJlYdg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGCupCKIrgskJf0A5DJs20oUlmSDJCGaobf8WNC0Xc+hXu/BvT6Sy09cCFk3PuJfeeIGZUacf5tgpLyyura8X10sbm1vaOvbvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYXU/99j2Rikaioccx8TgaCBpSjLSRfPvgxk97kkM9lJNL1714yF4N0pr4dtmpOBngInFzUgY56r791etHOOFEaMyQUl3XibWXIqkpZmRS6iWKxAiP0IB0DRWIE+Wl2QkTeGyUPgwjaUpomKm/J1LElRrzwHRypIdq3puK/3ndRIfnXkpFnGgi8OyjMGFQR3CaB+xTSbBmY0MQltTsCvEQSYS1Sa1kQnDnT14krdOKW61U76rl2lUeRxEcgiNwAlxwBmrgFtRBE2DwCJ7BK3iznqwX6936mLUWrHxmH/yB9fkDL5eWqQ==</latexit>

�astro = 1.44+0.25
�0.24

<latexit sha1_base64="yoQ32fjwGfAu7jNDDGAPITNwVYA=">AAACDnicbVDLSsNAFJ34rPUVdelmsBQEMSQlohuh6MZlBfuAJobJdNoOnUnCzEQoIV/gxl9x40IRt67d+TdO2yy09cDlHs65l5l7woRRqWz721haXlldWy9tlDe3tnd2zb39loxTgUkTxywWnRBJwmhEmooqRjqJIIiHjLTD0fXEbz8QIWkc3alxQnyOBhHtU4yUlgKz6iVDGmSe4BBJJeL80rFc9z47sa3aWR5kp7q7eWBWbMueAi4SpyAVUKARmF9eL8YpJ5HCDEnZdexE+RkSimJG8rKXSpIgPEID0tU0QpxIP5uek8OqVnqwHwtdkYJT9fdGhriUYx7qSY7UUM57E/E/r5uq/oWf0ShJFYnw7KF+yqCK4SQb2KOCYMXGmiAsqP4rxEMkEFY6wbIOwZk/eZG0apbjWu6tW6lfFXGUwCE4AsfAAeegDm5AAzQBBo/gGbyCN+PJeDHejY/Z6JJR7ByAPzA+fwAO5pou</latexit>

�astro = 2.28+0.08
�0.09

<latexit sha1_base64="r+W5obOmsCY+5FW7ALM0+qgtVYw=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUxDJTCtaFUHTjsoJ9QFuHO2nahiYzQ5IRyjCf4MZfceNCEbcu3fk3po+Fth4I93DOvdzc40ecKe0431ZmaXlldS27ntvY3NresXf36iqMJaE1EvJQNn1QlLOA1jTTnDYjSUH4nDb84fXYbzxQqVgY3OlRRDsC+gHrMQLaSJ593O6DEOAlbSkwKC3D9LJYKJbvk1On4JRTLzkz9SL17LypE+BF4s5IHs1Q9eyvdjcksaCBJhyUarlOpDsJSM0Ip2muHSsaARlCn7YMDUBQ1UkmB6X4yChd3AuleYHGE/X3RAJCqZHwTacAPVDz3lj8z2vFulfuJCyIYk0DMl3UiznWIR6ng7tMUqL5yBAgkpm/YjIACUSbDHMmBHf+5EVSLxbcUqF0W8pXrmZxZNEBOkQnyEXnqIJuUBXVEEGP6Bm9ojfryXqx3q2PaWvGms3soz+wPn8ApuKbCw==</latexit>

IceCube, 1908.09551
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IceCube data

! Summary of the three data sets:

Ethr = 119 TeV

<latexit sha1_base64="cMuyX136Pd7dcrB0jhkQnhJlYdg=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGCupCKIrgskJf0A5DJs20oUlmSDJCGaobf8WNC0Xc+hXu/BvT6Sy09cCFk3PuJfeeIGZUacf5tgpLyyura8X10sbm1vaOvbvXUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsYXU/99j2Rikaioccx8TgaCBpSjLSRfPvgxk97kkM9lJNL1714yF4N0pr4dtmpOBngInFzUgY56r791etHOOFEaMyQUl3XibWXIqkpZmRS6iWKxAiP0IB0DRWIE+Wl2QkTeGyUPgwjaUpomKm/J1LElRrzwHRypIdq3puK/3ndRIfnXkpFnGgi8OyjMGFQR3CaB+xTSbBmY0MQltTsCvEQSYS1Sa1kQnDnT14krdOKW61U76rl2lUeRxEcgiNwAlxwBmrgFtRBE2DwCJ7BK3iznqwX6936mLUWrHxmH/yB9fkDL5eWqQ==</latexit>

d�⌫

dE⌫
= 10�18 · �astro

✓
E⌫

100 TeV

◆��astro

<latexit sha1_base64="FpLGw/Hzp+Wd0n4AtrtRj/t7srY="></latexit>

[GeV�1cm�2s�1sr�1]

<latexit sha1_base64="yFSW8f8SSQLZcED1Glui6Lj9m48=">AAACH3icbVDLSgMxFM3UV62vUZdugkVwY5kpRV0WXeiygn1AO5ZMmmlDk5khyQhlmD9x46+4caGIuOvfmHksauuFwHncy809bsioVJY1N0pr6xubW+Xtys7u3v6BeXjUkUEkMGnjgAWi5yJJGPVJW1HFSC8UBHGXka47vU397jMRkgb+o5qFxOFo7FOPYqS0NDQv+/FAcHhHOslTfGEnGcM8JfWcyAVDipw4Q7Nq1ays4CqwC1AFRbWG5s9gFOCIE19hhqTs21aonBgJRTEjSWUQSRIiPEVj0tfQR5xIJ87uS+CZVkbQC4R+voKZujgRIy7ljLu6kyM1kcteKv7n9SPlXTsx9cNIER/ni7yIQRXANCw4ooJgxWYaICyo/ivEEyQQVjrSig7BXj55FXTqNbtRazw0qs2bIo4yOAGn4BzY4Ao0wT1ogTbA4AW8gQ/wabwa78aX8Z23loxi5hj8KWP+C771os0=</latexit>

Ethr = 60 TeV

<latexit sha1_base64="u/GZAw6o8C9PD0vyk8amjkXSNGY=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZKepGKIrgskJf0A5DJk3b0CQzJBmhDNONv+LGhSJu/Qt3/o3pdBbaeuDCyTn3kntPEDGqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTCWmDRxyELZCZAijArS1FQz0okkQTxgpB2Mb2d++5FIRUPR0JOIeBwNBR1QjLSRfPvozk96kkM9kun1hTPNHg3SSn277FScDHCZuDkpgxx13/7q9UMccyI0ZkiprutE2kuQ1BQzkpZ6sSIRwmM0JF1DBeJEeUl2QQpPjdKHg1CaEhpm6u+JBHGlJjwwnRzpkVr0ZuJ/XjfWgysvoSKKNRF4/tEgZlCHcBYH7FNJsGYTQxCW1OwK8QhJhLUJrWRCcBdPXiat84pbrVQfquXaTR5HERyDE3AGXHAJauAe1EETYDAFz+AVvFlP1ov1bn3MWwtWPnMI/sD6/AGzEpZq</latexit>

HESE Through-going muonsCascades

Ethr = 16 TeV

<latexit sha1_base64="P3GIVAgchOLfr4qEVTuY8Lgvezs=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZKepGKIrgskJf0A5DJk3b0CQzJBmhDNONv+LGhSJu/Qt3/o3pdBbaeuDCyTn3kntPEDGqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTCWmDRxyELZCZAijArS1FQz0okkQTxgpB2Mb2d++5FIRUPR0JOIeBwNBR1QjLSRfPvozk96kkM9kum1ezHNHg3SSn277FScDHCZuDkpgxx13/7q9UMccyI0ZkiprutE2kuQ1BQzkpZ6sSIRwmM0JF1DBeJEeUl2QQpPjdKHg1CaEhpm6u+JBHGlJjwwnRzpkVr0ZuJ/XjfWgysvoSKKNRF4/tEgZlCHcBYH7FNJsGYTQxCW1OwK8QhJhLUJrWRCcBdPXiat84pbrVQfquXaTR5HERyDE3AGXHAJauAe1EETYDAFz+AVvFlP1ov1bn3MWwtWPnMI/sD6/AG0m5Zr</latexit>

NOTICE: the Ethr does not show the lowest available energy in data! it comes 
from optimization of the fit (considering the background rejection 
efficiency). There are events with energy below Ethr. 
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IceCube data

! Some candidate sources:

GRBs

Active Galactic Nuclei (Blazars, BL Lacs, Radio galaxies)

Starburst Galaxies

Supernova Remnants

Tidal Disruption Events

Up to now, all the searches yielded null result!
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Neutrino and gamma-ray connection
Any source that produces neutrinos, should produce gamma-rays also:

p+ p ! ⇡± +X
<latexit sha1_base64="u7vPwJJ+IikEjy4m+YkXDtbzLuw=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCIJQZEXRZdOOygn1AZyyZNNOGZjIhyQhlKPgrblwo4tbvcOffmLaz0NYDgZNz7uXeeyLJmTae9+0sLa+srq2XNsqbW9s7u+7eflOnmSK0QVKeqnaENeVM0IZhhtO2VBQnEaetaHgz8VuPVGmWinszkjRMcF+wmBFsrNR1DyU6QxIFJkWBZA+BTOy/3XUrXtWbAi0SvyAVKFDvul9BLyVZQoUhHGvd8T1pwhwrwwin43KQaSoxGeI+7VgqcEJ1mE/XH6MTq/RQnCr7hEFT9XdHjhOtR0lkKxNsBnrem4j/eZ3MxFdhzoTMDBVkNijOOLLHTrJAPaYoMXxkCSaK2V0RGWCFibGJlW0I/vzJi6R5XvW9qn93UaldF3GU4AiO4RR8uIQa3EIdGkAgh2d4hTfnyXlx3p2PWemSU/QcwB84nz9qpZPW</latexit><latexit sha1_base64="u7vPwJJ+IikEjy4m+YkXDtbzLuw=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCIJQZEXRZdOOygn1AZyyZNNOGZjIhyQhlKPgrblwo4tbvcOffmLaz0NYDgZNz7uXeeyLJmTae9+0sLa+srq2XNsqbW9s7u+7eflOnmSK0QVKeqnaENeVM0IZhhtO2VBQnEaetaHgz8VuPVGmWinszkjRMcF+wmBFsrNR1DyU6QxIFJkWBZA+BTOy/3XUrXtWbAi0SvyAVKFDvul9BLyVZQoUhHGvd8T1pwhwrwwin43KQaSoxGeI+7VgqcEJ1mE/XH6MTq/RQnCr7hEFT9XdHjhOtR0lkKxNsBnrem4j/eZ3MxFdhzoTMDBVkNijOOLLHTrJAPaYoMXxkCSaK2V0RGWCFibGJlW0I/vzJi6R5XvW9qn93UaldF3GU4AiO4RR8uIQa3EIdGkAgh2d4hTfnyXlx3p2PWemSU/QcwB84nz9qpZPW</latexit><latexit sha1_base64="u7vPwJJ+IikEjy4m+YkXDtbzLuw=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCIJQZEXRZdOOygn1AZyyZNNOGZjIhyQhlKPgrblwo4tbvcOffmLaz0NYDgZNz7uXeeyLJmTae9+0sLa+srq2XNsqbW9s7u+7eflOnmSK0QVKeqnaENeVM0IZhhtO2VBQnEaetaHgz8VuPVGmWinszkjRMcF+wmBFsrNR1DyU6QxIFJkWBZA+BTOy/3XUrXtWbAi0SvyAVKFDvul9BLyVZQoUhHGvd8T1pwhwrwwin43KQaSoxGeI+7VgqcEJ1mE/XH6MTq/RQnCr7hEFT9XdHjhOtR0lkKxNsBnrem4j/eZ3MxFdhzoTMDBVkNijOOLLHTrJAPaYoMXxkCSaK2V0RGWCFibGJlW0I/vzJi6R5XvW9qn93UaldF3GU4AiO4RR8uIQa3EIdGkAgh2d4hTfnyXlx3p2PWemSU/QcwB84nz9qpZPW</latexit><latexit sha1_base64="u7vPwJJ+IikEjy4m+YkXDtbzLuw=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCIJQZEXRZdOOygn1AZyyZNNOGZjIhyQhlKPgrblwo4tbvcOffmLaz0NYDgZNz7uXeeyLJmTae9+0sLa+srq2XNsqbW9s7u+7eflOnmSK0QVKeqnaENeVM0IZhhtO2VBQnEaetaHgz8VuPVGmWinszkjRMcF+wmBFsrNR1DyU6QxIFJkWBZA+BTOy/3XUrXtWbAi0SvyAVKFDvul9BLyVZQoUhHGvd8T1pwhwrwwin43KQaSoxGeI+7VgqcEJ1mE/XH6MTq/RQnCr7hEFT9XdHjhOtR0lkKxNsBnrem4j/eZ3MxFdhzoTMDBVkNijOOLLHTrJAPaYoMXxkCSaK2V0RGWCFibGJlW0I/vzJi6R5XvW9qn93UaldF3GU4AiO4RR8uIQa3EIdGkAgh2d4hTfnyXlx3p2PWemSU/QcwB84nz9qpZPW</latexit>

µ+ ⌫
<latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit>

e+ ⌫ + ⌫̄
<latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit>

p+ � ! ⇡± +X
<latexit sha1_base64="EbrF26j0M00bD3tEzQlUj/U66oA=">AAACAnicbVDLSgMxFM34rPU16krcBIsgFMqMCLosunFZwT6gM5Y7aaYNTWZCkhFKKW78FTcuFHHrV7jzb0zbWWjrgcDhnHu5OSeSnGnjed/O0vLK6tp6YaO4ubW9s+vu7Td0milC6yTlqWpFoClnCa0bZjhtSUVBRJw2o8H1xG8+UKVZmtyZoaShgF7CYkbAWKnjHsoyDnogBODApDiQ7D6QApdxq+OWvIo3BV4kfk5KKEet434F3ZRkgiaGcNC67XvShCNQhhFOx8Ug01QCGUCPti1NQFAdjqYRxvjEKl0cp8q+xOCp+ntjBELroYjspADT1/PeRPzPa2cmvgxHLJGZoQmZHYozjm3YSR+4yxQlhg8tAaKY/SsmfVBAjG2taEvw5yMvksZZxfcq/u15qXqV11FAR+gYnSIfXaAqukE1VEcEPaJn9IrenCfnxXl3PmajS06+c4D+wPn8AeLflc0=</latexit><latexit sha1_base64="EbrF26j0M00bD3tEzQlUj/U66oA=">AAACAnicbVDLSgMxFM34rPU16krcBIsgFMqMCLosunFZwT6gM5Y7aaYNTWZCkhFKKW78FTcuFHHrV7jzb0zbWWjrgcDhnHu5OSeSnGnjed/O0vLK6tp6YaO4ubW9s+vu7Td0milC6yTlqWpFoClnCa0bZjhtSUVBRJw2o8H1xG8+UKVZmtyZoaShgF7CYkbAWKnjHsoyDnogBODApDiQ7D6QApdxq+OWvIo3BV4kfk5KKEet434F3ZRkgiaGcNC67XvShCNQhhFOx8Ug01QCGUCPti1NQFAdjqYRxvjEKl0cp8q+xOCp+ntjBELroYjspADT1/PeRPzPa2cmvgxHLJGZoQmZHYozjm3YSR+4yxQlhg8tAaKY/SsmfVBAjG2taEvw5yMvksZZxfcq/u15qXqV11FAR+gYnSIfXaAqukE1VEcEPaJn9IrenCfnxXl3PmajS06+c4D+wPn8AeLflc0=</latexit><latexit sha1_base64="EbrF26j0M00bD3tEzQlUj/U66oA=">AAACAnicbVDLSgMxFM34rPU16krcBIsgFMqMCLosunFZwT6gM5Y7aaYNTWZCkhFKKW78FTcuFHHrV7jzb0zbWWjrgcDhnHu5OSeSnGnjed/O0vLK6tp6YaO4ubW9s+vu7Td0milC6yTlqWpFoClnCa0bZjhtSUVBRJw2o8H1xG8+UKVZmtyZoaShgF7CYkbAWKnjHsoyDnogBODApDiQ7D6QApdxq+OWvIo3BV4kfk5KKEet434F3ZRkgiaGcNC67XvShCNQhhFOx8Ug01QCGUCPti1NQFAdjqYRxvjEKl0cp8q+xOCp+ntjBELroYjspADT1/PeRPzPa2cmvgxHLJGZoQmZHYozjm3YSR+4yxQlhg8tAaKY/SsmfVBAjG2taEvw5yMvksZZxfcq/u15qXqV11FAR+gYnSIfXaAqukE1VEcEPaJn9IrenCfnxXl3PmajS06+c4D+wPn8AeLflc0=</latexit><latexit sha1_base64="EbrF26j0M00bD3tEzQlUj/U66oA=">AAACAnicbVDLSgMxFM34rPU16krcBIsgFMqMCLosunFZwT6gM5Y7aaYNTWZCkhFKKW78FTcuFHHrV7jzb0zbWWjrgcDhnHu5OSeSnGnjed/O0vLK6tp6YaO4ubW9s+vu7Td0milC6yTlqWpFoClnCa0bZjhtSUVBRJw2o8H1xG8+UKVZmtyZoaShgF7CYkbAWKnjHsoyDnogBODApDiQ7D6QApdxq+OWvIo3BV4kfk5KKEet434F3ZRkgiaGcNC67XvShCNQhhFOx8Ug01QCGUCPti1NQFAdjqYRxvjEKl0cp8q+xOCp+ntjBELroYjspADT1/PeRPzPa2cmvgxHLJGZoQmZHYozjm3YSR+4yxQlhg8tAaKY/SsmfVBAjG2taEvw5yMvksZZxfcq/u15qXqV11FAR+gYnSIfXaAqukE1VEcEPaJn9IrenCfnxXl3PmajS06+c4D+wPn8AeLflc0=</latexit>

µ+ ⌫
<latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit>

e+ ⌫ + ⌫̄
<latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit>

⇡0 ! 2�
<latexit sha1_base64="Ps5zWXuoPOzXn+X0u85/jpGCmb4=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2W3CHosevFYwX5At5Zsmm1Dk+ySZJWy9qd48aCIV3+JN/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0Dt3zY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8/89gNVmsXyzkwS2hN4KFnECDZW6rvlIGH3HgpMjGrBEAuB+27Fq3pzoFXi56QCORp99ysYxCQVVBrCsdZd30tML8PKMMLptBSkmiaYjPGQdi2VWFDdy+anT9GpVQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66YmuuxlTCapoZIsFkUpR/bRWQ5owBQlhk8swUQxeysiI6wwMTatkg3BX355lbRqVd+r+rfnlfpVHkcRjuEEzsCHC6jDDTSgCQQe4Rle4c15cl6cd+dj0Vpw8pkj+APn8wf5Y5Mo</latexit><latexit sha1_base64="Ps5zWXuoPOzXn+X0u85/jpGCmb4=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2W3CHosevFYwX5At5Zsmm1Dk+ySZJWy9qd48aCIV3+JN/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0Dt3zY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8/89gNVmsXyzkwS2hN4KFnECDZW6rvlIGH3HgpMjGrBEAuB+27Fq3pzoFXi56QCORp99ysYxCQVVBrCsdZd30tML8PKMMLptBSkmiaYjPGQdi2VWFDdy+anT9GpVQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66YmuuxlTCapoZIsFkUpR/bRWQ5owBQlhk8swUQxeysiI6wwMTatkg3BX355lbRqVd+r+rfnlfpVHkcRjuEEzsCHC6jDDTSgCQQe4Rle4c15cl6cd+dj0Vpw8pkj+APn8wf5Y5Mo</latexit><latexit sha1_base64="Ps5zWXuoPOzXn+X0u85/jpGCmb4=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2W3CHosevFYwX5At5Zsmm1Dk+ySZJWy9qd48aCIV3+JN/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0Dt3zY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8/89gNVmsXyzkwS2hN4KFnECDZW6rvlIGH3HgpMjGrBEAuB+27Fq3pzoFXi56QCORp99ysYxCQVVBrCsdZd30tML8PKMMLptBSkmiaYjPGQdi2VWFDdy+anT9GpVQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66YmuuxlTCapoZIsFkUpR/bRWQ5owBQlhk8swUQxeysiI6wwMTatkg3BX355lbRqVd+r+rfnlfpVHkcRjuEEzsCHC6jDDTSgCQQe4Rle4c15cl6cd+dj0Vpw8pkj+APn8wf5Y5Mo</latexit><latexit sha1_base64="Ps5zWXuoPOzXn+X0u85/jpGCmb4=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2W3CHosevFYwX5At5Zsmm1Dk+ySZJWy9qd48aCIV3+JN/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0Dt3zY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8/89gNVmsXyzkwS2hN4KFnECDZW6rvlIGH3HgpMjGrBEAuB+27Fq3pzoFXi56QCORp99ysYxCQVVBrCsdZd30tML8PKMMLptBSkmiaYjPGQdi2VWFDdy+anT9GpVQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66YmuuxlTCapoZIsFkUpR/bRWQ5owBQlhk8swUQxeysiI6wwMTatkg3BX355lbRqVd+r+rfnlfpVHkcRjuEEzsCHC6jDDTSgCQQe4Rle4c15cl6cd+dj0Vpw8pkj+APn8wf5Y5Mo</latexit>

More precisely 
(conservative assumption)
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<latexit sha1_base64="ggcHWUwDRuwupbwk2jbDjxlh3IY="></latexit>

Arman Esmaili                                                   WIN2023 @ Sun Yat-Sen University/China                                               07/July/2023           



Neutrino and gamma-ray connection
Any source that produces neutrinos, should produce gamma-rays also:

p+ p ! ⇡± +X
<latexit sha1_base64="u7vPwJJ+IikEjy4m+YkXDtbzLuw=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCIJQZEXRZdOOygn1AZyyZNNOGZjIhyQhlKPgrblwo4tbvcOffmLaz0NYDgZNz7uXeeyLJmTae9+0sLa+srq2XNsqbW9s7u+7eflOnmSK0QVKeqnaENeVM0IZhhtO2VBQnEaetaHgz8VuPVGmWinszkjRMcF+wmBFsrNR1DyU6QxIFJkWBZA+BTOy/3XUrXtWbAi0SvyAVKFDvul9BLyVZQoUhHGvd8T1pwhwrwwin43KQaSoxGeI+7VgqcEJ1mE/XH6MTq/RQnCr7hEFT9XdHjhOtR0lkKxNsBnrem4j/eZ3MxFdhzoTMDBVkNijOOLLHTrJAPaYoMXxkCSaK2V0RGWCFibGJlW0I/vzJi6R5XvW9qn93UaldF3GU4AiO4RR8uIQa3EIdGkAgh2d4hTfnyXlx3p2PWemSU/QcwB84nz9qpZPW</latexit><latexit sha1_base64="u7vPwJJ+IikEjy4m+YkXDtbzLuw=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCIJQZEXRZdOOygn1AZyyZNNOGZjIhyQhlKPgrblwo4tbvcOffmLaz0NYDgZNz7uXeeyLJmTae9+0sLa+srq2XNsqbW9s7u+7eflOnmSK0QVKeqnaENeVM0IZhhtO2VBQnEaetaHgz8VuPVGmWinszkjRMcF+wmBFsrNR1DyU6QxIFJkWBZA+BTOy/3XUrXtWbAi0SvyAVKFDvul9BLyVZQoUhHGvd8T1pwhwrwwin43KQaSoxGeI+7VgqcEJ1mE/XH6MTq/RQnCr7hEFT9XdHjhOtR0lkKxNsBnrem4j/eZ3MxFdhzoTMDBVkNijOOLLHTrJAPaYoMXxkCSaK2V0RGWCFibGJlW0I/vzJi6R5XvW9qn93UaldF3GU4AiO4RR8uIQa3EIdGkAgh2d4hTfnyXlx3p2PWemSU/QcwB84nz9qpZPW</latexit><latexit sha1_base64="u7vPwJJ+IikEjy4m+YkXDtbzLuw=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCIJQZEXRZdOOygn1AZyyZNNOGZjIhyQhlKPgrblwo4tbvcOffmLaz0NYDgZNz7uXeeyLJmTae9+0sLa+srq2XNsqbW9s7u+7eflOnmSK0QVKeqnaENeVM0IZhhtO2VBQnEaetaHgz8VuPVGmWinszkjRMcF+wmBFsrNR1DyU6QxIFJkWBZA+BTOy/3XUrXtWbAi0SvyAVKFDvul9BLyVZQoUhHGvd8T1pwhwrwwin43KQaSoxGeI+7VgqcEJ1mE/XH6MTq/RQnCr7hEFT9XdHjhOtR0lkKxNsBnrem4j/eZ3MxFdhzoTMDBVkNijOOLLHTrJAPaYoMXxkCSaK2V0RGWCFibGJlW0I/vzJi6R5XvW9qn93UaldF3GU4AiO4RR8uIQa3EIdGkAgh2d4hTfnyXlx3p2PWemSU/QcwB84nz9qpZPW</latexit><latexit sha1_base64="u7vPwJJ+IikEjy4m+YkXDtbzLuw=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCIJQZEXRZdOOygn1AZyyZNNOGZjIhyQhlKPgrblwo4tbvcOffmLaz0NYDgZNz7uXeeyLJmTae9+0sLa+srq2XNsqbW9s7u+7eflOnmSK0QVKeqnaENeVM0IZhhtO2VBQnEaetaHgz8VuPVGmWinszkjRMcF+wmBFsrNR1DyU6QxIFJkWBZA+BTOy/3XUrXtWbAi0SvyAVKFDvul9BLyVZQoUhHGvd8T1pwhwrwwin43KQaSoxGeI+7VgqcEJ1mE/XH6MTq/RQnCr7hEFT9XdHjhOtR0lkKxNsBnrem4j/eZ3MxFdhzoTMDBVkNijOOLLHTrJAPaYoMXxkCSaK2V0RGWCFibGJlW0I/vzJi6R5XvW9qn93UaldF3GU4AiO4RR8uIQa3EIdGkAgh2d4hTfnyXlx3p2PWemSU/QcwB84nz9qpZPW</latexit>

µ+ ⌫
<latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit>

e+ ⌫ + ⌫̄
<latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit>

p+ � ! ⇡± +X
<latexit sha1_base64="EbrF26j0M00bD3tEzQlUj/U66oA=">AAACAnicbVDLSgMxFM34rPU16krcBIsgFMqMCLosunFZwT6gM5Y7aaYNTWZCkhFKKW78FTcuFHHrV7jzb0zbWWjrgcDhnHu5OSeSnGnjed/O0vLK6tp6YaO4ubW9s+vu7Td0milC6yTlqWpFoClnCa0bZjhtSUVBRJw2o8H1xG8+UKVZmtyZoaShgF7CYkbAWKnjHsoyDnogBODApDiQ7D6QApdxq+OWvIo3BV4kfk5KKEet434F3ZRkgiaGcNC67XvShCNQhhFOx8Ug01QCGUCPti1NQFAdjqYRxvjEKl0cp8q+xOCp+ntjBELroYjspADT1/PeRPzPa2cmvgxHLJGZoQmZHYozjm3YSR+4yxQlhg8tAaKY/SsmfVBAjG2taEvw5yMvksZZxfcq/u15qXqV11FAR+gYnSIfXaAqukE1VEcEPaJn9IrenCfnxXl3PmajS06+c4D+wPn8AeLflc0=</latexit><latexit sha1_base64="EbrF26j0M00bD3tEzQlUj/U66oA=">AAACAnicbVDLSgMxFM34rPU16krcBIsgFMqMCLosunFZwT6gM5Y7aaYNTWZCkhFKKW78FTcuFHHrV7jzb0zbWWjrgcDhnHu5OSeSnGnjed/O0vLK6tp6YaO4ubW9s+vu7Td0milC6yTlqWpFoClnCa0bZjhtSUVBRJw2o8H1xG8+UKVZmtyZoaShgF7CYkbAWKnjHsoyDnogBODApDiQ7D6QApdxq+OWvIo3BV4kfk5KKEet434F3ZRkgiaGcNC67XvShCNQhhFOx8Ug01QCGUCPti1NQFAdjqYRxvjEKl0cp8q+xOCp+ntjBELroYjspADT1/PeRPzPa2cmvgxHLJGZoQmZHYozjm3YSR+4yxQlhg8tAaKY/SsmfVBAjG2taEvw5yMvksZZxfcq/u15qXqV11FAR+gYnSIfXaAqukE1VEcEPaJn9IrenCfnxXl3PmajS06+c4D+wPn8AeLflc0=</latexit><latexit sha1_base64="EbrF26j0M00bD3tEzQlUj/U66oA=">AAACAnicbVDLSgMxFM34rPU16krcBIsgFMqMCLosunFZwT6gM5Y7aaYNTWZCkhFKKW78FTcuFHHrV7jzb0zbWWjrgcDhnHu5OSeSnGnjed/O0vLK6tp6YaO4ubW9s+vu7Td0milC6yTlqWpFoClnCa0bZjhtSUVBRJw2o8H1xG8+UKVZmtyZoaShgF7CYkbAWKnjHsoyDnogBODApDiQ7D6QApdxq+OWvIo3BV4kfk5KKEet434F3ZRkgiaGcNC67XvShCNQhhFOx8Ug01QCGUCPti1NQFAdjqYRxvjEKl0cp8q+xOCp+ntjBELroYjspADT1/PeRPzPa2cmvgxHLJGZoQmZHYozjm3YSR+4yxQlhg8tAaKY/SsmfVBAjG2taEvw5yMvksZZxfcq/u15qXqV11FAR+gYnSIfXaAqukE1VEcEPaJn9IrenCfnxXl3PmajS06+c4D+wPn8AeLflc0=</latexit><latexit sha1_base64="EbrF26j0M00bD3tEzQlUj/U66oA=">AAACAnicbVDLSgMxFM34rPU16krcBIsgFMqMCLosunFZwT6gM5Y7aaYNTWZCkhFKKW78FTcuFHHrV7jzb0zbWWjrgcDhnHu5OSeSnGnjed/O0vLK6tp6YaO4ubW9s+vu7Td0milC6yTlqWpFoClnCa0bZjhtSUVBRJw2o8H1xG8+UKVZmtyZoaShgF7CYkbAWKnjHsoyDnogBODApDiQ7D6QApdxq+OWvIo3BV4kfk5KKEet434F3ZRkgiaGcNC67XvShCNQhhFOx8Ug01QCGUCPti1NQFAdjqYRxvjEKl0cp8q+xOCp+ntjBELroYjspADT1/PeRPzPa2cmvgxHLJGZoQmZHYozjm3YSR+4yxQlhg8tAaKY/SsmfVBAjG2taEvw5yMvksZZxfcq/u15qXqV11FAR+gYnSIfXaAqukE1VEcEPaJn9IrenCfnxXl3PmajS06+c4D+wPn8AeLflc0=</latexit>

µ+ ⌫
<latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit><latexit sha1_base64="chczYbWP0/cuWTgLZmkL5WbnbPI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXBD0GvXiMYGIku4TZyWwyZGZ2mYcQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6WV1bX1jfJmZWt7Z3evun/Q1qlVhLZIylPVibGmnEnaMsxw2skUxSLm9CEe3Uz9hyeqNEvlvRlnNBJ4IFnCCDZOegyFRWcolLZXrfl1fwa0TIKC1KBAs1f9CvspsYJKQzjWuhv4mYlyrAwjnE4qodU0w2SEB7TrqMSC6iifHTxBJ07poyRVrqRBM/X3RI6F1mMRu06BzVAvelPxP69rTXIV5Uxm1lBJ5osSy5FJ0fR71GeKEsPHjmCimLsVkSFWmBiXUcWFECy+vEza5/XArwd3F7XGdRFHGY7gGE4hgEtowC00oQUEBDzDK7x5ynvx3r2PeWvJK2YO4Q+8zx/LB4+8</latexit>

e+ ⌫ + ⌫̄
<latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit><latexit sha1_base64="xd575IdevsRfJzXtlWgrq4GE+as=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLIAhlRgRdFt24rGAv0JaSSU/b0ExmSDJCGeqruHGhiFsfxJ1vY6adhbYeSPj4/3PIyR/Egmvjed9OYW19Y3OruF3a2d3bP3APj5o6ShTDBotEpNoB1Si4xIbhRmA7VkjDQGArmNxmfusRleaRfDDTGHshHUk+5IwaK/XdMpJz0pVJdgdUpRZnfbfiVb15kVXwc6hAXvW++9UdRCwJURomqNYd34tNL6XKcCZwVuomGmPKJnSEHYuShqh76Xz5GTm1yoAMI2WPNGSu/p5Iaaj1NAxsZ0jNWC97mfif10nM8LqXchknBiVbPDRMBDERyZIgA66QGTG1QJnidlfCxlRRZmxeJRuCv/zlVWheVH2v6t9fVmo3eRxFOIYTOAMfrqAGd1CHBjCYwjO8wpvz5Lw4787HorXg5DNl+FPO5w/u8ZOr</latexit>

⇡0 ! 2�
<latexit sha1_base64="Ps5zWXuoPOzXn+X0u85/jpGCmb4=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2W3CHosevFYwX5At5Zsmm1Dk+ySZJWy9qd48aCIV3+JN/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0Dt3zY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8/89gNVmsXyzkwS2hN4KFnECDZW6rvlIGH3HgpMjGrBEAuB+27Fq3pzoFXi56QCORp99ysYxCQVVBrCsdZd30tML8PKMMLptBSkmiaYjPGQdi2VWFDdy+anT9GpVQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66YmuuxlTCapoZIsFkUpR/bRWQ5owBQlhk8swUQxeysiI6wwMTatkg3BX355lbRqVd+r+rfnlfpVHkcRjuEEzsCHC6jDDTSgCQQe4Rle4c15cl6cd+dj0Vpw8pkj+APn8wf5Y5Mo</latexit><latexit sha1_base64="Ps5zWXuoPOzXn+X0u85/jpGCmb4=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2W3CHosevFYwX5At5Zsmm1Dk+ySZJWy9qd48aCIV3+JN/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0Dt3zY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8/89gNVmsXyzkwS2hN4KFnECDZW6rvlIGH3HgpMjGrBEAuB+27Fq3pzoFXi56QCORp99ysYxCQVVBrCsdZd30tML8PKMMLptBSkmiaYjPGQdi2VWFDdy+anT9GpVQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66YmuuxlTCapoZIsFkUpR/bRWQ5owBQlhk8swUQxeysiI6wwMTatkg3BX355lbRqVd+r+rfnlfpVHkcRjuEEzsCHC6jDDTSgCQQe4Rle4c15cl6cd+dj0Vpw8pkj+APn8wf5Y5Mo</latexit><latexit sha1_base64="Ps5zWXuoPOzXn+X0u85/jpGCmb4=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2W3CHosevFYwX5At5Zsmm1Dk+ySZJWy9qd48aCIV3+JN/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0Dt3zY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8/89gNVmsXyzkwS2hN4KFnECDZW6rvlIGH3HgpMjGrBEAuB+27Fq3pzoFXi56QCORp99ysYxCQVVBrCsdZd30tML8PKMMLptBSkmiaYjPGQdi2VWFDdy+anT9GpVQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66YmuuxlTCapoZIsFkUpR/bRWQ5owBQlhk8swUQxeysiI6wwMTatkg3BX355lbRqVd+r+rfnlfpVHkcRjuEEzsCHC6jDDTSgCQQe4Rle4c15cl6cd+dj0Vpw8pkj+APn8wf5Y5Mo</latexit><latexit sha1_base64="Ps5zWXuoPOzXn+X0u85/jpGCmb4=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2W3CHosevFYwX5At5Zsmm1Dk+ySZJWy9qd48aCIV3+JN/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0Dt3zY0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8/89gNVmsXyzkwS2hN4KFnECDZW6rvlIGH3HgpMjGrBEAuB+27Fq3pzoFXi56QCORp99ysYxCQVVBrCsdZd30tML8PKMMLptBSkmiaYjPGQdi2VWFDdy+anT9GpVQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66YmuuxlTCapoZIsFkUpR/bRWQ5owBQlhk8swUQxeysiI6wwMTatkg3BX355lbRqVd+r+rfnlfpVHkcRjuEEzsCHC6jDDTSgCQQe4Rle4c15cl6cd+dj0Vpw8pkj+APn8wf5Y5Mo</latexit>

More precisely 
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While it is straightforward to 
calculate the neutrino flux at 
Earth, gamma-rays initiate EM 

cascade  
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Neutrino and gamma-ray connection 
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Observed at IceCube:

p-gamma scenario for neutrino production: A minimalistic assumption
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There is a natural threshold in 
p-gamma scenario

SFR
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Various contributions to IGRB

Flat Spectrum Radio Quasars (FSRQ) BL Lacs

DI MAURO, DONATO, LAMANNA, 
SANCHEZ, SERPICO, arXiv:1311.5708 

Misaligned Active Galactic Nuclei (MAGN) Star-Forming Galaxies (SFG)
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Analysis

Analyzing the EGB data: 𝛘2 analysis

Ajello et al, 1501.05301
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Results
Analyzing the EGB data: 𝛘2 analysis
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HESE Through-going 

muons

Cascades

~ 3σ tension for Ebr = 10 TeV

~ (4-5)σ tension for Ebr = 1 TeV
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Results
How robust are these results (tension)?!

A bit of details on 
the analysis method 

and assumptions

The EGB data depends on the foreground 
rejection (three models: A, B and C)
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Results
How robust are these results (tension)?!

A bit of details on 
the analysis method 

and assumptions

More conservative conventional 
contributions to the EGB
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Results
How robust are these results (tension)?!

A bit of details on 
the analysis method 

and assumptions

More conservative analysis method 

(independent nuisance parameter for each contribution)
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Results
How robust are these results (tension)?!

A bit of details on 
the analysis method 

and assumptions

 separate analysis for different energy ranges 
of EGB data
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Results
How robust are these results (tension)?!

A bit of details on 
the analysis method 

and assumptions

Cosmic evolution different from SFR
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Results
How robust are these results (tension)?!
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two energy ranges of EGB data

three foreground modeling
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EGB: 100 MeV - 820 GeV
Tension exist for all the foreground 
modelings!
Considering just the high energy EGB data, 
for Ebr = 10 TeV the tension disappears!

! However, in this case we lose the RG 
interpretation of low energy EGB data
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Results
How robust are these results (tension)?!

The tension is almost similar to SFR, although the 
cosmic evolution is very different 
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Results
How robust are these results (tension)?!
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EGB data
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conventional + cascaded
contributions

n flux Ebr = 10 TeV

For BL Lac evolution, the tension 
originates from the highest 
energy EGB data, while for SFR 
~ 100 GeV data are overshot.  

The tension is almost similar to SFR, although the 
cosmic evolution is very different 
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Results
How robust are these results (tension)?!

A more general approach to cosmic evolution
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Fastro = 1.66
s h = 2.53

The EM cascade is fully developed for 
far sources, leading to the universal 
form

!

High-z sources are completely invisible 
at > 10 GeV (high z CMB, EBL) !

Ebr = 10 TeV compatible with EGB, for 

z > 3!

Ebr = 1 TeV has strong tension, 
independent of energy range of EGB 
data

!

High-z sources can be excluded based on energy considerations.  

Even the most luminous object at high z, SMBH at the Eddington limit of luminosity, 
cannot provide the required total luminosity. 
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Results
How robust are these results (tension)?!

A more general approach to cosmic evolution

The EM cascade cannot develop. Large 
high energy photon flux. !
Ebr = 1 TeV has strong tension with 
EGB, independent of EGB energy 
range.

!

Ebr = 10 TeV and z < 10-3 is compatible 
with EGB.!

Ebr = 10 TeV case enjoys the lack of 
EGB data > 820 GeV.!

The requirement of z < 10-3 is quite challenging. The required density of local sources 
saturates the overall density of galaxies. 

By further shrinking of z we arrive to the Galactic halo population; incompatible 
with HAWC and KASCADE data.  
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Summary

The multimessenger approach (nu-gamma) provides invaluable information on the 
source(s) of IceCube neutrinos. There is a tension between EGB and IceCube data 
(low energy).    

!

The result is robust. We were very conservative about the assumptions: conservative 
conventional contributions to EGB, minimalistic nu-gamma relation, neglecting gamma-
rays from leptonic processes, UHECR propagation, etc.    

!

The resulted ∆χ2 from the fit of EGB data after including the cascaded flux 
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Cascade development in very high energy
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e�b ! e�ICS

The cascade development we considered:
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Cascade development in very high energy

<latexit sha1_base64="4GRwjwCRIQdWB2feJCVVMtMhPN4=">AAACDHicbVDLSsNAFJ34rPVVdelmsBQEsSTia1l047KCfUATy8100g6dScLMRCihH+DGX3HjQhG3foA7/8ZJm4W2HpjL4dx7mXuOH3OmtG1/WwuLS8srq4W14vrG5tZ2aWe3qaJEEtogEY9k2wdFOQtpQzPNaTuWFITPacsfXmf91gOVikXhnR7F1BPQD1nACGgjdUtltw9CwLR2U1cK7I+xqyPsiuT+KCvHZsqu2hPgeeLkpIxy1LulL7cXkUTQUBMOSnUcO9ZeClIzwum46CaKxkCG0KcdQ0MQVHnpxMwYV4zSw0EkzQs1nqi/N1IQSo2EubIiQA/UbC8T/+t1Eh1ceikL40TTkEw/ChKOjdcsGdxjkhLNR4YAkczciskAJBBt8iuaEJxZy/OkeVJ1zqtnt6fl2lUeRwHtowN0iBx0gWroBtVRAxH0iJ7RK3qznqwX6936mI4uWPnOHvoD6/MHAcSa9A==</latexit>

��b ! µ+µ�MPP

<latexit sha1_base64="E4HCaSkguhyaAcjOZp+AXeGPoFI=">AAACCHicbVDLSgMxFM3UV62vUZcuDJaCIJYZ8bUsunFZwT6gMx0y6W0bmswMSUYoQ5du/BU3LhRx6ye4829MHwutHkg4nJNL7jlhwpnSjvNl5RYWl5ZX8quFtfWNzS17e6eu4lRSqNGYx7IZEgWcRVDTTHNoJhKICDk0wsH12G/cg1Qsju70MAFfkF7EuowSbaTA3vd6RAgyvYPMkwKHI+zpGEP7CNrHgV10ys4E+C9xZ6SIZqgG9qfXiWkqINKUE6VarpNoPyNSM8phVPBSBQmhA9KDlqEREaD8bBJkhEtG6eBuLM2JNJ6oPycyIpQaCrNhSRDdV/PeWPzPa6W6e+lnLEpSDRGdftRNOTY5x63gDpNANR8aQqhkZldM+0QSqk13BVOCOx/5L6mflN3z8tntabFyNasjj/bQATpELrpAFXSDqqiGKHpAT+gFvVqP1rP1Zr1Pn+as2cwu+gXr4xuprZka</latexit>

��b ! e+e�EPP and
<latexit sha1_base64="Nh3MlAhAwZ6aPg8Imqyn1yXDuIk=">AAACBHicbVDLSsNAFL2pr1pfUZfdDJaCq5KIr2XRjcsK9gFNKJPppB06k4SZiVBCF278FTcuFHHrR7jzb5y2EbT1wMDhnLnce06QcKa043xZhZXVtfWN4mZpa3tnd8/eP2ipOJWENknMY9kJsKKcRbSpmea0k0iKRcBpOxhdT/32PZWKxdGdHifUF3gQsZARrI3Us8vUG2AhcC/zpEDBBHk6Rj+aXXFqzgxombg5qUCORs/+9PoxSQWNNOFYqa7rJNrPsNSMcDopeamiCSYjPKBdQyMsqPKzWYgJqhqlj8JYmhdpNFN/T2RYKDUW5sSqwHqoFr2p+J/XTXV46WcsSlJNIzJfFKYcmaDTRlCfSUo0HxuCiWTmVkSGWGKiTW8lU4K7GHmZtE5q7nnt7Pa0Ur/K6yhCGY7gGFy4gDrcQAOaQOABnuAFXq1H69l6s97nXwtWPnMIf2B9fANFiJfe</latexit>

e�b ! e�ICS

The cascade development we considered:

However, above the threshold of muon pair production we have:

<latexit sha1_base64="UGeEY7E3k3Iasmaax9BR7NGET1Y=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0Wom5L43ghFEdwIEewDmhAm02k7dCYJMxOhhH6IG3/FjQtF3LgQ/BsnbRa19cDA4Zx7uXNOEDMqlWX9GIWFxaXlleJqaW19Y3PL3N5pyCgRmNRxxCLRCpAkjIakrqhipBULgnjASDMYXGd+85EISaPwQQ1j4nHUC2mXYqS05JvHrqQ9jvzUFRzeOc4IXsJp6SaTKtwnroog912eHELfLFtVaww4T+yclEEOxze/3E6EE05ChRmSsm1bsfJSJBTFjIxKbiJJjPAA9Uhb0xBxIr10HG4ED7TSgd1I6BcqOFanN1LEpRzyQE9ypPpy1svE/7x2oroXXkrDOFEkxJND3YRBHTRrCnaoIFixoSYIC6r/CnEfCYSV7rOkS7BnI8+TxlHVPque3p+Ua1d5HUWwB/ZBBdjgHNTALXBAHWDwBF7AG3g3no1X48P4nIwWjHxnF/yB8f0Lk5Kgaw==</latexit>

�MPP = �EPP(me ! mµ)
<latexit sha1_base64="Sme9IPmyGze6RCgCEBEcpz7dz7w=">AAAB9XicbVDLTgJBEJz1ifhCPXqZSEw8kV2CjyPRi0dM5JHAQmaHXpgwM7vOzGrIhv/w4kFjvPov3vwbB9iDgpV0UqnqTndXEHOmjet+Oyura+sbm7mt/PbO7t5+4eCwoaNEUajTiEeqFRANnEmoG2Y4tGIFRAQcmsHoZuo3H0FpFsl7M47BF2QgWcgoMVbq6s4AHnBF9Doi6ZZ7haJbcmfAy8TLSBFlqPUKX51+RBMB0lBOtG57bmz8lCjDKIdJvpNoiAkdkQG0LZVEgPbT2dUTfGqVPg4jZUsaPFN/T6REaD0Wge0UxAz1ojcV//PaiQmv/JTJODEg6XxRmHBsIjyNAPeZAmr42BJCFbO3YjokilBjg8rbELzFl5dJo1zyLkrnd5Vi9TqLI4eO0Qk6Qx66RFV0i2qojihS6Bm9ojfnyXlx3p2PeeuKk80coT9wPn8AwIuSCg==</latexit>

s � 4m2
µ, for
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Cascade development in very high energy

<latexit sha1_base64="4GRwjwCRIQdWB2feJCVVMtMhPN4=">AAACDHicbVDLSsNAFJ34rPVVdelmsBQEsSTia1l047KCfUATy8100g6dScLMRCihH+DGX3HjQhG3foA7/8ZJm4W2HpjL4dx7mXuOH3OmtG1/WwuLS8srq4W14vrG5tZ2aWe3qaJEEtogEY9k2wdFOQtpQzPNaTuWFITPacsfXmf91gOVikXhnR7F1BPQD1nACGgjdUtltw9CwLR2U1cK7I+xqyPsiuT+KCvHZsqu2hPgeeLkpIxy1LulL7cXkUTQUBMOSnUcO9ZeClIzwum46CaKxkCG0KcdQ0MQVHnpxMwYV4zSw0EkzQs1nqi/N1IQSo2EubIiQA/UbC8T/+t1Eh1ceikL40TTkEw/ChKOjdcsGdxjkhLNR4YAkczciskAJBBt8iuaEJxZy/OkeVJ1zqtnt6fl2lUeRwHtowN0iBx0gWroBtVRAxH0iJ7RK3qznqwX6936mI4uWPnOHvoD6/MHAcSa9A==</latexit>

��b ! µ+µ�MPP

<latexit sha1_base64="E4HCaSkguhyaAcjOZp+AXeGPoFI=">AAACCHicbVDLSgMxFM3UV62vUZcuDJaCIJYZ8bUsunFZwT6gMx0y6W0bmswMSUYoQ5du/BU3LhRx6ye4829MHwutHkg4nJNL7jlhwpnSjvNl5RYWl5ZX8quFtfWNzS17e6eu4lRSqNGYx7IZEgWcRVDTTHNoJhKICDk0wsH12G/cg1Qsju70MAFfkF7EuowSbaTA3vd6RAgyvYPMkwKHI+zpGEP7CNrHgV10ys4E+C9xZ6SIZqgG9qfXiWkqINKUE6VarpNoPyNSM8phVPBSBQmhA9KDlqEREaD8bBJkhEtG6eBuLM2JNJ6oPycyIpQaCrNhSRDdV/PeWPzPa6W6e+lnLEpSDRGdftRNOTY5x63gDpNANR8aQqhkZldM+0QSqk13BVOCOx/5L6mflN3z8tntabFyNasjj/bQATpELrpAFXSDqqiGKHpAT+gFvVqP1rP1Zr1Pn+as2cwu+gXr4xuprZka</latexit>

��b ! e+e�EPP and
<latexit sha1_base64="Nh3MlAhAwZ6aPg8Imqyn1yXDuIk=">AAACBHicbVDLSsNAFL2pr1pfUZfdDJaCq5KIr2XRjcsK9gFNKJPppB06k4SZiVBCF278FTcuFHHrR7jzb5y2EbT1wMDhnLnce06QcKa043xZhZXVtfWN4mZpa3tnd8/eP2ipOJWENknMY9kJsKKcRbSpmea0k0iKRcBpOxhdT/32PZWKxdGdHifUF3gQsZARrI3Us8vUG2AhcC/zpEDBBHk6Rj+aXXFqzgxombg5qUCORs/+9PoxSQWNNOFYqa7rJNrPsNSMcDopeamiCSYjPKBdQyMsqPKzWYgJqhqlj8JYmhdpNFN/T2RYKDUW5sSqwHqoFr2p+J/XTXV46WcsSlJNIzJfFKYcmaDTRlCfSUo0HxuCiWTmVkSGWGKiTW8lU4K7GHmZtE5q7nnt7Pa0Ur/K6yhCGY7gGFy4gDrcQAOaQOABnuAFXq1H69l6s97nXwtWPnMIf2B9fANFiJfe</latexit>

e�b ! e�ICS

The cascade development we considered:

However, above the threshold of muon pair production we have:

<latexit sha1_base64="UGeEY7E3k3Iasmaax9BR7NGET1Y=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0Wom5L43ghFEdwIEewDmhAm02k7dCYJMxOhhH6IG3/FjQtF3LgQ/BsnbRa19cDA4Zx7uXNOEDMqlWX9GIWFxaXlleJqaW19Y3PL3N5pyCgRmNRxxCLRCpAkjIakrqhipBULgnjASDMYXGd+85EISaPwQQ1j4nHUC2mXYqS05JvHrqQ9jvzUFRzeOc4IXsJp6SaTKtwnroog912eHELfLFtVaww4T+yclEEOxze/3E6EE05ChRmSsm1bsfJSJBTFjIxKbiJJjPAA9Uhb0xBxIr10HG4ED7TSgd1I6BcqOFanN1LEpRzyQE9ypPpy1svE/7x2oroXXkrDOFEkxJND3YRBHTRrCnaoIFixoSYIC6r/CnEfCYSV7rOkS7BnI8+TxlHVPque3p+Ua1d5HUWwB/ZBBdjgHNTALXBAHWDwBF7AG3g3no1X48P4nIwWjHxnF/yB8f0Lk5Kgaw==</latexit>

�MPP = �EPP(me ! mµ)
<latexit sha1_base64="Sme9IPmyGze6RCgCEBEcpz7dz7w=">AAAB9XicbVDLTgJBEJz1ifhCPXqZSEw8kV2CjyPRi0dM5JHAQmaHXpgwM7vOzGrIhv/w4kFjvPov3vwbB9iDgpV0UqnqTndXEHOmjet+Oyura+sbm7mt/PbO7t5+4eCwoaNEUajTiEeqFRANnEmoG2Y4tGIFRAQcmsHoZuo3H0FpFsl7M47BF2QgWcgoMVbq6s4AHnBF9Doi6ZZ7haJbcmfAy8TLSBFlqPUKX51+RBMB0lBOtG57bmz8lCjDKIdJvpNoiAkdkQG0LZVEgPbT2dUTfGqVPg4jZUsaPFN/T6REaD0Wge0UxAz1ojcV//PaiQmv/JTJODEg6XxRmHBsIjyNAPeZAmr42BJCFbO3YjokilBjg8rbELzFl5dJo1zyLkrnd5Vi9TqLI4eO0Qk6Qx66RFV0i2qojihS6Bm9ojfnyXlx3p2PeeuKk80coT9wPn8AwIuSCg==</latexit>

s � 4m2
µ, for

And also the double pair production

<latexit sha1_base64="RSEGBuDAsidgTrUbb+sVjO+0KCw=">AAACDnicbVDLSgMxFM3UV62vUZdugqUgiGVGfC2LblxWsA/oTEsmvW1Dk5khyQhl6Be48VfcuFDErWt3/o1ppwttPZDL4Zxc7r0niDlT2nG+rdzS8srqWn69sLG5tb1j7+7VVZRICjUa8Ug2A6KAsxBqmmkOzVgCEQGHRjC8mfiNB5CKReG9HsXgC9IPWY9Roo3UsUtenwhBstpJPSlwMMaejjC0j6F9ktWOXXTKzhR4kbgzUkQzVDv2l9eNaCIg1JQTpVquE2s/JVIzymFc8BIFMaFD0oeWoSERoPx0es4Yl4zSxb1ImhdqPFV/d6REKDUSZs+SIHqg5r2J+J/XSnTvyk9ZGCcaQpoN6iUcm2sn2eAuk0A1HxlCqGRmV0wHRBKqTYIFE4I7f/IiqZ+W3Yvy+d1ZsXI9iyOPDtAhOkIuukQVdIuqqIYoekTP6BW9WU/Wi/VufWRfc9asZx/9gfX5A6YtmzQ=</latexit>

��b ! e+e�e+e�DPP
<latexit sha1_base64="CiWrlrHqTRB7DZpMayUAZ2e0unY="></latexit>

�DPP ⇡ 6.45µb

✓
1� 4m2

e

E�✏

◆6

, for
<latexit sha1_base64="CY8+GSKz4GqB3pu5oBMgLxiECEQ=">AAAB9HicbVBNTwIxEO36ifiFevTSSEw8kV2i6JHoxSMm8pHASrplFhra7tJ2SciG3+HFg8Z49cd4899YYA8KvmSSl/dmMjMviDnTxnW/nbX1jc2t7dxOfndv/+CwcHTc0FGiKNRpxCPVCogGziTUDTMcWrECIgIOzWB4N/ObY1CaRfLRTGLwBelLFjJKjJV83enDCHsV0YWncrdQdEvuHHiVeBkpogy1buGr04toIkAayonWbc+NjZ8SZRjlMM13Eg0xoUPSh7alkgjQfjo/eorPrdLDYaRsSYPn6u+JlAitJyKwnYKYgV72ZuJ/Xjsx4Y2fMhknBiRdLAoTjk2EZwngHlNADZ9YQqhi9lZMB0QRamxOeRuCt/zyKmmUS16ldPVwWazeZnHk0Ck6QxfIQ9eoiu5RDdURRSP0jF7RmzN2Xpx352PRuuZkMyfoD5zPH5oVkVo=</latexit>

s � 16m2
e
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Cascade development in very high energy

Although the MPP cross section is smaller than the EPP:

the interaction length 𝚲MPP is smaller than the energy loss length 𝛌EPP at high-redshifts

<latexit sha1_base64="zdva49/WgwapGa7BMwEFL2gAdl0="></latexit>

�MPP

�EPP

����
s=1018 eV2

⇡ 0.26
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<latexit sha1_base64="OHXG8b/ENUknz2mTN4Js+R2JVoQ="></latexit>

�p(E) =
1R

d✏
R
dµ 1�µ

2 nCMB(✏)�p(s)

Interaction length

Energy loss length

<latexit sha1_base64="TpfmQUnYXNVP2mnpruL4LsJSR8A="></latexit>

⇤p(E) =
1R

d✏
R
dµ 1�µ

2 nCMB(✏)�p(s) [1� ⌘p(s)]
<latexit sha1_base64="8r2OPJsER8yN7VzxRA4QBDNHvb8="></latexit>

⌘(s) =
1

�(s)

Z
dE0 E

0

E0

d�

dE0 (E
0, s)

Inelasticity
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Cascade development in very high energy

! The distribution of the number of MPP occurrence
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Cascade development in very high energy

! The fraction of photon/electron energy channeling into neutrinos 
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Cascade development in very high energy
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! Neutrino spectrum at the Earth from a source at redshift z injecting photons at 

energy E𝛾

! A unique way to probe high-redshift and high-energy Universe

! The neutrino spectrum is within the range of sensitivity of experiments like 
GRAND. 
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Summary

— There is a tension between IceCube’s neutrino and Fermi-LAT’s EGB. The tension points 
toward “opaque sources”.

— Extension of EGB data to multi-TeV range can further constrain the sources (or pinpoint 
them). Larger statistics by IceCube-Gen2 can reduce the error on flux normalization and 
energy index, quantifying better the tension.       
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— Opaque source means a “new class” of objects, yet unknown to us! From model building 
point of view it is challenging: requires high densities to make the source opaque to gamma-
rays, while the protons still can be accelerated to ~ 100 PeV. Directional correlations with 
X-ray and MeV gamma-ray maps are unavoidable.

— A lot can be learned from the Electromagnetic Cascades!

— The microphysics of cascade development at high energies is rich. Purely leptonic 
processes can produce neutrinos!    

— Electromagnetic cascades can provide a way to probe high-redshift and high-energy 
Universe, the dark ages!    



Thank you !
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