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Messengers from Astrophysical Sources
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Electromagnetic Cascade: Remarked soon after the CMB discovery. (Cosmic ray conference in Soviet Union) 
Has been scrutinized in V. S. Berezinsky and A. Y. Smirnov, Astrophys. Space Sci. 32, 461 (1975) 

 as a handle to probe cosmogenic neutrinos 
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But at the UHE stage ( ) it will be more complicated 
Other channels for  and  will open up

s ≳ 4m2
μ

γγb eγb
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Inelasticity
The fraction of the incoming leading particle energy ( )   
carried by outgoing particle  ( )

E(L)
in

i E(i)
out

E(L)
in

E(i)
out

Lab Frame
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Z E(L)
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0

E(i)
out

E(L)
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d�

dE(i)
out

dE(i)
out

EPP and ICS have high inelasticities
EPP: Head-on collision, , Eγ = 1020 eV ϵ = 10−3 eV → η = 0.96

ICS: Head-on collision, , Ee = 1020 eV ϵ = 10−3 eV → η = 0.91

Electromagnetic Cascade: 
A successive iteration of electron pair production (EPP) and inverse Compton scattering (ICS) 

At each sequence of EPP+ICS the leading particle emerges with energies close to the initial one 



Sub-leading Photon-Photon Interactions
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<latexit sha1_base64="qDnE7lniNGl5Jvip9/CSXZLCS4c=">AAACBHicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUU+G6MUjJgJGWMnsMAsTZmY3M7MmZMPVL/CqX+DNePU//AD/wwH2IGAlnVSqutPdFcScaeO6305uZXVtfSO/Wdja3tndK+4fNHWUKEIbJOKRug+wppxJ2jDMcHofK4pFwGkrGF5P/NYTVZpF8s6MYuoL3JcsZAQbKz3oy6rodkTyWOkWS27ZnQItEy8jJchQ7xZ/Or2IJIJKQzjWuu25sfFTrAwjnI4LnUTTGJMh7tO2pRILqv10evEYnVilh8JI2ZIGTdW/EykWWo9EYDsFNgO96E3E/7x2YsILP2UyTgyVZLYoTDgyEZq8j3pMUWL4yBJMFLO3IjLAChNjQ5rbEtKRFPHY5uItprBMmpWyd1au3lZLtassoTwcwTGcggfnUIMbqEMDCEh4gVd4c56dd+fD+Zy15pxs5hDm4Hz9Aq19mNQ=</latexit>

s > 4m2
µ

<latexit sha1_base64="KM+8eSeRl4SmiPH66/20Z33Tgiw=">AAACA3icbVDLTsJAFJ3iC/GFunTTSExckZYQdGWIblxiIg8DlUyHW5gwM21mpiZNw9IvcKtf4M649UP8AP/DAboQ8CQ3OTnn3tx7jx8xqrTjfFu5tfWNza38dmFnd2//oHh41FJhLAk0SchC2fGxAkYFNDXVDDqRBMx9Bm1/fDP1208gFQ3FvU4i8DgeChpQgrWRHtSVW+N9eKz0iyWn7MxgrxI3IyWUodEv/vQGIYk5CE0YVqrrOpH2Uiw1JQwmhV6sIMJkjIfQNVRgDspLZwdP7DOjDOwglKaEtmfq34kUc6US7ptOjvVILXtT8T+vG+vg0kupiGINgswXBTGzdWhPv7cHVALRLDEEE0nNrTYZYYmJNhktbAkgETyamFzc5RRWSatSdmvl6l21VL/OEsqjE3SKzpGLLlAd3aIGaiKCOHpBr+jNerberQ/rc96as7KZY7QA6+sXfCWYJA==</latexit>

s > 16m2
e

. . . 

<latexit sha1_base64="iS+LncR+gFoXLsiciAo/0jZWzq8=">AAACBXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA+YjiWTZtrQPIYkIwxD136BW/0Cd+LW7/AD/A8zbRe29UDC4Zx7ufeeMGZUG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiMGliyaTqhEgTRgVpGmoY6cSKIB4y0g5Ht7nffiJKUykeTBqTgKOBoBHFyFjJ7/Lk8Tz/zkq9csWtuhPAZeLNSAXM0OiVf7p9iRNOhMEMae17bmyCDClDMSPjUjfRJEZ4hAbEt1QgTnSQTVYewxOr9GEklX3CwIn6tyNDXOuUh7aSIzPUi14u/uf5iYmug4yKODFE4OmgKGHQSJjfD/tUEWxYagnCitpdIR4ihbCxKc1NiUgqeDy2uXiLKSyT1kXVu6zW7muV+s0soSI4AsfgFHjgCtTBHWiAJsBAghfwCt6cZ+fd+XA+p6UFZ9ZzCObgfP0CAi6Y+Q==</latexit>

µ�µ+

<latexit sha1_base64="Gx4Xg4CG7aNxn2iahl/TIDz4zbE=">AAACB3icbVBLSgNBEO2Jvxh/UZduBoMgiGFGgroMunEZwXwgmYSeTk3SpLtn7O4RhiEH8ARu9QTuxK3H8ADew04yC5P4oIrHe1VU8fyIUaUd59vKrayurW/kNwtb2zu7e8X9g4YKY0mgTkIWypaPFTAqoK6pZtCKJGDuM2j6o9uJ33wCqWgoHnQSgcfxQNCAEqyN5EH3HLpns17oFUtO2ZnCXiZuRkooQ61X/On0QxJzEJowrFTbdSLtpVhqShiMC51YQYTJCA+gbajAHJSXTp8e2ydG6dtBKE0JbU/Vvxsp5kol3DeTHOuhWvQm4n9eO9bBtZdSEcUaBJkdCmJm69CeJGD3qQSiWWIIJpKaX20yxBITbXKauxJAIng0Nrm4iyksk8ZF2b0sV+4rpepNllAeHaFjdIpcdIWq6A7VUB0R9Ihe0Ct6s56td+vD+pyN5qxs5xDNwfr6BZbvmTk=</latexit>

e�e+e�e+ Double pair production (DPP)

Muon pair production (MPP)

Question 2: What is the effect of these microphysics on the cascade development?

<latexit sha1_base64="UqqcrPlqVZDKFJpKvZR3iSvIkf4="></latexit>

µ+ ! e+⌫e⌫̄µ
<latexit sha1_base64="OfOmCmWyz6ABVrWd3zB7DZ7tBHw="></latexit>

µ� ! e�⌫̄e⌫µ

<latexit sha1_base64="3oDSpiwhd1adpUrF05EmOwYQwao="></latexit>

�1
DPP ' 6.45µb

One of the pairs takes almost all of the initial energy

<latexit sha1_base64="USDAtCcSZvDEWBC2DgSu+y4z3aw=">AAACC3icdZDLSgMxFIYzXmu9tOrSTbAIrkqm1LFdCEURXFawF2hLyaSZNjTJDLkIpfQRfAK3+gTuxK0P4QP4HqYXwYoeCHz8/zmckz9MONMGoQ9vZXVtfWMztZXe3tndy2T3D+o6torQGol5rJoh1pQzSWuGGU6biaJYhJw2wuHV1G/cU6VZLO/MKKEdgfuSRYxg46RuNnPdbUt7gfLBmSNhu9kcyiNXQQCn4JeQ76BcLhUKZejPLIRyYFHVbvaz3YuJFVQawrHWLR8lpjPGyjDC6STdtpommAxxn7YcSiyo7oxnh0/giVN6MIqVe9LAmfpzYoyF1iMRuk6BzUD/9qbiX17LmqjUGTOZWEMlmS+KLIcmhtMUYI8pSgwfOcBEMXcrJAOsMDEuq6UtER1JkUxcLt+fh/9DvZD3g3zxtpirXC4SSoEjcAxOgQ/OQQXcgCqoAQIseARP4Nl78F68V+9t3rriLWYOwVJ5719djJrA</latexit>

E⌫ = 0.65Eµ

<latexit sha1_base64="UJaFo2t8dwQtvr7bbPd1VpKBS8s=">AAACB3icdVBLSgNBEO3x/zfq0k1jEFyFnhhjshBEEVwqGBNIhtDTqUmadPeM3T1CGHIAT+BWT+BO3HoMD+A97MQIKvqg4PFeFVX1wkRwYwl586amZ2bn5hcWl5ZXVtfWcxub1yZONYMai0WsGyE1ILiCmuVWQCPRQGUooB72T0d+/Ra04bG6soMEAkm7ikecUeuk4KwNR6Swf3DWbsm0ncuTAnEol/GI+BXiO1KtVorFKvbHFiF5NMFFO/fe6sQslaAsE9SYpk8SG2RUW84EDJdaqYGEsj7tQtNRRSWYIBsfPcS7TungKNaulMVj9ftERqUxAxm6Tkltz/z2RuJfXjO1USXIuEpSC4p9LopSgW2MRwngDtfArBg4Qpnm7lbMelRTZl1OP7ZEMFAyGbpcvp7H/5PrYsEvF0qXpfzxySShBbSNdtAe8tEhOkbn6ALVEEM36B49oEfvznvynr2Xz9YpbzKzhX7Ae/0ALu2Zng==</latexit>

Ee = 0.35Eµ

Question 1: What is the relevance of each of these interactions? 

<latexit sha1_base64="ODEx+Xpeixfru9wKlc9shj5g1Qc=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqmRK6WMhFKXgsoK1hXYYMmnahiYzQ5IRhqH+ihsXirj1Q9z5N2baCip64MLhnHu59x4/4kxphD6s3Nr6xuZWfruws7u3f2AfHt2qMJaEdknIQ9n3saKcBbSrmea0H0mKhc9pz59dZn7vjkrFwuBGJxF1BZ4EbMwI1kby7GLbo/AconK9DtvecIKFwJ5dQmVkUKvBjDgN5BjSbDYqlSZ0FhZCJbBCx7Pfh6OQxIIGmnCs1MBBkXZTLDUjnM4Lw1jRCJMZntCBoQEWVLnp4vg5PDXKCI5DaSrQcKF+n0ixUCoRvukUWE/Vby8T//IGsR433JQFUaxpQJaLxjGHOoRZEnDEJCWaJ4ZgIpm5FZIplphok1fBhPD1Kfyf3FbKTq1cva6WWherOPLgGJyAM+CAOmiBK9ABXUBAAh7AE3i27q1H68V6XbbmrNVMEfyA9fYJDYyTJA==</latexit>

Ee = 0.77E�

<latexit sha1_base64="waxF3D6OQw9IXntQq3GzgEfFAcU=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFclUwttV0IRSm4rGAf0A5DJk3b0GRmSDLCMNRfceNCEbd+iDv/xkxbQUUPXDiccy/33uNHnCmN0Ie1srq2vrGZ28pv7+zu7dsHhx0VxpLQNgl5KHs+VpSzgLY105z2Ikmx8Dnt+tOrzO/eUalYGNzqJKKuwOOAjRjB2kieXWh6FF5AVCqfwaY3GGMhsGcXUQkZVKswI04NOYbU67VyuQ6duYVQESzR8uz3wTAksaCBJhwr1XdQpN0US80Ip7P8IFY0wmSKx7RvaIAFVW46P34GT4wyhKNQmgo0nKvfJ1IslEqEbzoF1hP128vEv7x+rEc1N2VBFGsakMWiUcyhDmGWBBwySYnmiSGYSGZuhWSCJSba5JU3IXx9Cv8nnXLJqZYqN5Vi43IZRw4cgWNwChxwDhrgGrRAGxCQgAfwBJ6te+vRerFeF60r1nKmAH7AevsE/4OTGw==</latexit>

Ee = 0.23E�

Electromagnetic Cascade Development

<latexit sha1_base64="u/MshwE1gPPKfA1ol26g1J94oKc=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBEEscxIUZdFNy4r2Ae2Y8mkmTY0kwlJRihD/8KNC0Xc+jfu/Bsz7Sy09UDC4Zx7ufeeQHKmjet+O0vLK6tr64WN4ubW9s5uaW+/qeNEEdogMY9VO8CaciZowzDDaVsqiqOA01Ywusn81hNVmsXi3owl9SM8ECxkBBsrPXQlezzNvrNeqexW3CnQIvFyUoYc9V7pq9uPSRJRYQjHWnc8Vxo/xcowwumk2E00lZiM8IB2LBU4otpPpxtP0LFV+iiMlX3CoKn6uyPFkdbjKLCVETZDPe9l4n9eJzHhlZ8yIRNDBZkNChOOTIyy81GfKUoMH1uCiWJ2V0SGWGFibEhFG4I3f/IiaZ5XvItK9a5arl3ncRTgEI7gBDy4hBrcQh0aQEDAM7zCm6OdF+fd+ZiVLjl5zwH8gfP5A9t7kGU=</latexit>

⇡+⇡� Charged Pion Pair Production (CPPP)

<latexit sha1_base64="asnIjOrhXvnvBW1KcQDh8ll5APg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZKUVdSdOOygn1AZzpk0rQNTTIhyRTK0D9x40IRt/6JO//GtJ2Fth64cDjnXu69J5aMauN5305hY3Nre6e4W9rbPzg8co9PWjpJFSZNnLBEdWKkCaOCNA01jHSkIojHjLTj8f3cb0+I0jQRT2YqScjRUNABxchYKXJdfVvjURZI2gskn/WqkVv2Kt4CcJ34OSmDHI3I/Qr6CU45EQYzpHXX96QJM6QMxYzMSkGqiUR4jIaka6lAnOgwW1w+gxdW6cNBomwJAxfq74kMca2nPLadHJmRXvXm4n9eNzWDmzCjQqaGCLxcNEgZNAmcxwD7VBFs2NQShBW1t0I8QgphY8Mq2RD81ZfXSata8a8qtcdauX6Xx1EEZ+AcXAIfXIM6eAAN0AQYTMAzeAVvTua8OO/Ox7K14OQzp+APnM8fIk+TWQ==</latexit>

s > 4m2
⇡±

<latexit sha1_base64="RRH2tQ4s9jxuKi3N6AWZurKYJc0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2A9s15JNZ9vQbHZJskIp/RdePCji1X/jzX9jut2Dtj5IeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJb3ZpygH9GB5CFn1FjpoZvwRzf7euWKW3UzkGXi5aQCOeq98le3H7M0QmmYoFp3PDcx/oQqw5nAaambakwoG9EBdiyVNELtT7KNp+TEKn0Sxso+aUim/u6Y0EjrcRTYyoiaoV70ZuJ/Xic14ZU/4TJJDUo2HxSmgpiYzM4nfa6QGTG2hDLF7a6EDamizNiQSjYEb/HkZdI8q3oX1fO780rtOo+jCEdwDKfgwSXU4Bbq0AAGEp7hFd4c7bw4787HvLTg5D2H8AfO5w/ntJBt</latexit>

⇡0⇡0

<latexit sha1_base64="0Gtw7CmX6gPLVwh5Hyp4m98To30=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT1J0YvHCvYD2m3Jptk2NMkuSVYpS/+HFw+KePW/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKxrczv/VIlWaRfDCTmPoCDyULGcHGSj19XRX9tBuznjvtVfrFklt250CrxMtICTLU+8Wv7iAiiaDSEI617nhubPwUK8MIp9NCN9E0xmSMh7RjqcSCaj+dXz1FZ1YZoDBStqRBc/X3RIqF1hMR2E6BzUgvezPxP6+TmPDKT5mME0MlWSwKE45MhGYRoAFTlBg+sQQTxeytiIywwsTYoAo2BG/55VXSrJS9i3L1vlqq3WRx5OEETuEcPLiEGtxBHRpAQMEzvMKb8+S8OO/Ox6I152Qzx/AHzucPwuuSCw==</latexit>

s > 4m2
⇡0

Neutral Pion Pair Production (NPPP)

<latexit sha1_base64="qDnE7lniNGl5Jvip9/CSXZLCS4c=">AAACBHicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUU+G6MUjJgJGWMnsMAsTZmY3M7MmZMPVL/CqX+DNePU//AD/wwH2IGAlnVSqutPdFcScaeO6305uZXVtfSO/Wdja3tndK+4fNHWUKEIbJOKRug+wppxJ2jDMcHofK4pFwGkrGF5P/NYTVZpF8s6MYuoL3JcsZAQbKz3oy6rodkTyWOkWS27ZnQItEy8jJchQ7xZ/Or2IJIJKQzjWuu25sfFTrAwjnI4LnUTTGJMh7tO2pRILqv10evEYnVilh8JI2ZIGTdW/EykWWo9EYDsFNgO96E3E/7x2YsILP2UyTgyVZLYoTDgyEZq8j3pMUWL4yBJMFLO3IjLAChNjQ5rbEtKRFPHY5uItprBMmpWyd1au3lZLtassoTwcwTGcggfnUIMbqEMDCEh4gVd4c56dd+fD+Zy15pxs5hDm4Hz9Aq19mNQ=</latexit>

s > 4m2
µ

<latexit sha1_base64="+Rw6otrkYblDBhafd6uETHUw/HA=">AAAB+XicbVDLSgMxFM3UV62vUZdugkUQSsuMFHVZdOOygn1AOy2Z9LYNTWaGJFMoQ//EjQtF3Pon7vwbM+0stPXAvRzOuZfcHD/iTGnH+bZyG5tb2zv53cLe/sHhkX180lRhLCk0aMhD2faJAs4CaGimObQjCUT4HFr+5D71W1OQioXBk55F4AkyCtiQUaKN1Ldt6JWgV+6KuFdKW7lvF52KswBeJ25GiihDvW9/dQchjQUEmnKiVMd1Iu0lRGpGOcwL3VhBROiEjKBjaEAEKC9ZXD7HF0YZ4GEoTQUaL9TfGwkRSs2EbyYF0WO16qXif14n1sNbL2FBFGsI6PKhYcyxDnEaAx4wCVTzmSGESmZuxXRMJKHahFUwIbirX14nzauKe12pPlaLtbssjjw6Q+foErnoBtXQA6qjBqJoip7RK3qzEuvFerc+lqM5K9s5RX9gff4AOU2Swg==</latexit>

e+e�µ+µ�
Electron-Pair Muon-Pair Production (EPMPP)

6

Radiative Corrections to the interactions above

Re-assessed by 
calcHEP

Re-assessed by 
calcHEP

<latexit sha1_base64="oScpw5tHt5l58JGbVIVocWIDmjg=">AAACI3icbZDLSgMxFIYz9VbrrerSTbAIdVNmpKi4KrpxWcFeoFNLJj1tQ5PMkGSEMvRd3PgqblwoxY0L38V0WlBbfwh8+c85JOcPIs60cd1PJ7Oyura+kd3MbW3v7O7l9w/qOowVhRoNeaiaAdHAmYSaYYZDM1JARMChEQxvpvXGIyjNQnlvRhG0BelL1mOUGGt18ld+xB78SGDfhBhmJOOOL2I/ICqxPJ5eUhNw8ceE006+4JbcVHgZvDkU0FzVTn7id0MaC5CGcqJ1y3Mj006IMoxyGOf8WENE6JD0oWVREgG6naQ7jvGJdbq4Fyp7pMGp+3siIULrkQhspyBmoBdrU/O/Wis2vct2wmQUG5B09lAv5tjmMQ0Md5kCavjIAqGK2b9iOiCKUGNjzdkQvMWVl6F+VvLOS+W7cqFyPY8ji47QMSoiD12gCrpFVVRDFD2hF/SG3p1n59WZOB+z1owznzlEf+R8fQNlPqTA</latexit>

⇡± ! e±⌫µ⌫̄µ⌫e(⌫̄e)



<latexit sha1_base64="flwoiSsnt4sMQVA6u2Wigz01+1c=">AAACDHicbVBLSgNBFOyJvxh/oy7dNAbBVZiRoC6DblxGMB/IDKGn8yZp0t0zdPcEwpAreAK3egJ34tY7eADvYeezMIkFD4qq96hHRSln2njet1PY2Nza3inulvb2Dw6P3OOTpk4yRaFBE56odkQ0cCahYZjh0E4VEBFxaEXD+6nfGoHSLJFPZpxCKEhfsphRYqzUdV0I+kQI0s0DJXA0KXXdslfxZsDrxF+QMlqg3nV/gl5CMwHSUE607vheasKcKMMoh0kpyDSkhA5JHzqWSiJAh/ns8wm+sEoPx4myIw2eqX8vciK0HovIbgpiBnrVm4r/eZ3MxLdhzmSaGZB0HhRnHJsET2vAPaaAGj62hFDF7K+YDogi1NiyllJiGEuRTmwv/moL66R5VfGvK9XHarl2t2ioiM7QObpEPrpBNfSA6qiBKBqhF/SK3pxn5935cD7nqwVncXOKluB8/QLw85uk</latexit>e�b

Question 2: What is the effect of these microphysics on the cascade development?
Question 1: What is the relevance of each of these interactions? 

<latexit sha1_base64="GCGEwBAG9djkd+SYN61j89mi/tw=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSIIYkmkqMuiG5cV7APSWCbTaTt0HmHmRiihn+HGhSJu/Rp3/o2TNgttPTDD4Zx7ufeeKObMgOd9O4WV1bX1jeJmaWt7Z3evvH/QMirRhDaJ4kp3ImwoZ5I2gQGnnVhTLCJO29H4NvPbT1QbpuQDTGIaCjyUbMAIBisFtCuSx7PsO++VK17Vm8FdJn5OKihHo1f+6vYVSQSVQDg2JvC9GMIUa2CE02mpmxgaYzLGQxpYKrGgJkxnK0/dE6v03YHS9klwZ+rvjhQLYyYispUCw8gsepn4nxckMLgOUybjBKgk80GDhLug3Ox+t880JcAnlmCimd3VJSOsMQGbUsmG4C+evExaF1X/slq7r1XqN3kcRXSEjtEp8tEVqqM71EBNRJBCz+gVvTngvDjvzse8tODkPYfoD5zPH7kZkOY=</latexit>

eµ+µ� Electron Muon-Pair Production (EMPP)

<latexit sha1_base64="oWBlwIkSV4NMVz6/9Y6XPmeiwRw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAEMexKUI9BLx4jmAckmzA76U2GzM4uM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3NnNb+e2d3b39wsFhXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbATDu6nfeEKleSwfzShBP6J9yUPOqLFSA7Fzjp2LbqHoltwZyDLxMlKEDNVu4avdi1kaoTRMUK1bnpsYf0yV4UzgJN9ONSaUDWkfW5ZKGqH2x7NzJ+TUKj0SxsqWNGSm/p4Y00jrURTYzoiagV70puJ/Xis14Y0/5jJJDUo2XxSmgpiYTH8nPa6QGTGyhDLF7a2EDaiizNiE8jYEb/HlZVK/LHlXpfJDuVi5zeLIwTGcwBl4cA0VuIcq1IDBEJ7hFd6cxHlx3p2PeeuKk80cwR84nz+F/Y8M</latexit>

ee+e� Electron Triplet Production (ETP) [Know as TPP]

Electromagnetic Cascade Development

Sub-leading Electron-Photon Interactions

<latexit sha1_base64="UqqcrPlqVZDKFJpKvZR3iSvIkf4="></latexit>

µ+ ! e+⌫e⌫̄µ

<latexit sha1_base64="OfOmCmWyz6ABVrWd3zB7DZ7tBHw="></latexit>

µ� ! e�⌫̄e⌫µ

<latexit sha1_base64="USDAtCcSZvDEWBC2DgSu+y4z3aw=">AAACC3icdZDLSgMxFIYzXmu9tOrSTbAIrkqm1LFdCEURXFawF2hLyaSZNjTJDLkIpfQRfAK3+gTuxK0P4QP4HqYXwYoeCHz8/zmckz9MONMGoQ9vZXVtfWMztZXe3tndy2T3D+o6torQGol5rJoh1pQzSWuGGU6biaJYhJw2wuHV1G/cU6VZLO/MKKEdgfuSRYxg46RuNnPdbUt7gfLBmSNhu9kcyiNXQQCn4JeQ76BcLhUKZejPLIRyYFHVbvaz3YuJFVQawrHWLR8lpjPGyjDC6STdtpommAxxn7YcSiyo7oxnh0/giVN6MIqVe9LAmfpzYoyF1iMRuk6BzUD/9qbiX17LmqjUGTOZWEMlmS+KLIcmhtMUYI8pSgwfOcBEMXcrJAOsMDEuq6UtER1JkUxcLt+fh/9DvZD3g3zxtpirXC4SSoEjcAxOgQ/OQQXcgCqoAQIseARP4Nl78F68V+9t3rriLWYOwVJ5719djJrA</latexit>

E⌫ = 0.65Eµ

<latexit sha1_base64="UJaFo2t8dwQtvr7bbPd1VpKBS8s=">AAACB3icdVBLSgNBEO3x/zfq0k1jEFyFnhhjshBEEVwqGBNIhtDTqUmadPeM3T1CGHIAT+BWT+BO3HoMD+A97MQIKvqg4PFeFVX1wkRwYwl586amZ2bn5hcWl5ZXVtfWcxub1yZONYMai0WsGyE1ILiCmuVWQCPRQGUooB72T0d+/Ra04bG6soMEAkm7ikecUeuk4KwNR6Swf3DWbsm0ncuTAnEol/GI+BXiO1KtVorFKvbHFiF5NMFFO/fe6sQslaAsE9SYpk8SG2RUW84EDJdaqYGEsj7tQtNRRSWYIBsfPcS7TungKNaulMVj9ftERqUxAxm6Tkltz/z2RuJfXjO1USXIuEpSC4p9LopSgW2MRwngDtfArBg4Qpnm7lbMelRTZl1OP7ZEMFAyGbpcvp7H/5PrYsEvF0qXpfzxySShBbSNdtAe8tEhOkbn6ALVEEM36B49oEfvznvynr2Xz9YpbzKzhX7Ae/0ALu2Zng==</latexit>

Ee = 0.35Eµ

<latexit sha1_base64="gXyfm68PYfDlqCMP8SS9Ra+0afY=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBEEoSRS1GPRi8cK9kPaUCbbTbt0dxN2N0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9Oyura+sbm4Wt4vbO7t5+6eCwqeNUEdogMY9VO0RNOZO0YZjhtJ0oiiLktBWObqd+64kqzWL5YMYJDQQOJIsYQWOlR3ouuwMUAnulslfxZnCXiZ+TMuSo90pf3X5MUkGlIRy17vheYoIMlWGE00mxm2qaIBnhgHYslSioDrLZwRP31Cp9N4qVLWncmfp7IkOh9ViEtlOgGepFbyr+53VSE10HGZNJaqgk80VRyl0Tu9Pv3T5TlBg+tgSJYvZWlwxRITE2o6INwV98eZk0Lyr+ZaV6Xy3XbvI4CnAMJ3AGPlxBDe6gDg0gIOAZXuHNUc6L8+58zFtXnHzmCP7A+fwBgKiQOg==</latexit>

e+ n� Radiative Corrections (n-Compton Scattering)

7

Re-assessed by 
calcHEP

Re-assessed by 
calcHEP



Relevant Cases

Answer 1: Comparing the lengths!

CPPP for the first Born approximation

8

<latexit sha1_base64="TcNKKr+uBT5J1l6gmo4pKbK5nxM=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBSArjbghqIwRtLCOYB2SXMDuZTYbMPpi5K4Qljb9iY6GIrZ9h5984SbbQxAMXDufcy733eLHgCizr28itrK6tb+Q3C1vbO7t75v5BS0WJpKxJIxHJjkcUEzxkTeAgWCeWjASeYG1vdDv1249MKh6FDzCOmRuQQch9TgloqWceNUpOkJSvS/aZQyPlwJABKZ9Xe2bRqlgz4GViZ6SIMjR65pfTj2gSsBCoIEp1bSsGNyUSOBVsUnASxWJCR2TAupqGJGDKTWcPTPCpVvrYj6SuEPBM/T2RkkCpceDpzoDAUC16U/E/r5uAf+WmPIwTYCGdL/ITgSHC0zRwn0tGQYw1IVRyfSumQyIJBZ1ZQYdgL768TFrVin1Rqd3XivWbLI48OkYnqIRsdInq6A41UBNRNEHP6BW9GU/Gi/FufMxbc0Y2c4j+wPj8ASQTlNk=</latexit>

P (µ) = (1� cos ✓)/2 Flux Factor

For Cosmological Distance Propagation ( ) 
  CMB is the only background photon field 

z > 5
→

Interaction length (mean free path)

Energy loss length

<latexit sha1_base64="2HxKl7sb1ZyQ74kMplEZ2cUWmXU="></latexit>

�i(E) =
1R

d✏
R
dµP (µ)nCMB(✏)�i(s)

<latexit sha1_base64="FxKyrUBlHCVqh7GtJdkfWCc7WC8="></latexit>

⇤i(E) =
1R

d✏
R
dµP (µ)nCMB(✏)�i(s) [1� ⌘i(s)]



Relevant Cases 9

The cascade also can happen inside an astrophysical source

CORONA

Hard X-Ray

Although very model dependent!

Black Hole
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Stochastic Nature of the Process

Monte Carlo Simulation

MUNHECA
Python3 framework

MUons and Neutrinos in High-energy Electromagnetic CAscades.  
https://github.com/afesmaeili/MUNHECA.git

EPP 

MPP 

DPP: 

CPPP: 

ICS 

EMPP:

• Cosmological Distances Propagation 

• Inside Astrophysical Sources 
(A pure leptonic process  
for  production)ν

<latexit sha1_base64="8SEAp8rnQECdGN2xJKUAb/y1kXA=">AAACEHicbVDLSsNAFJ34rPUVHzs3g0VwVRIp6rLoxmUF+4AmhMl00g6dmYSZiRBDf8IvcKtf4E7c+gd+gP/hpM3Cth64l8M593IvJ0wYVdpxvq2V1bX1jc3KVnV7Z3dv3z447Kg4lZi0ccxi2QuRIowK0tZUM9JLJEE8ZKQbjm8Lv/tIpKKxeNBZQnyOhoJGFCNtpMA+9oaIczTrQe5JDsNJYNecujMFXCZuSWqgRCuwf7xBjFNOhMYMKdV3nUT7OZKaYkYmVS9VJEF4jIakb6hAnCg/n34/gWdGGcAolqaEhlP170aOuFIZD80kR3qkFr1C/M/rpzq69nMqklQTgWeHopRBHcMiCjigkmDNMkMQltT8CvEISYS1CWzuSkQywZMiF3cxhWXSuai7l/XGfaPWvCkTqoATcArOgQuuQBPcgRZoAwyewAt4BW/Ws/VufVifs9EVq9w5AnOwvn4BtkGdvA==</latexit>��b

<latexit sha1_base64="flwoiSsnt4sMQVA6u2Wigz01+1c=">AAACDHicbVBLSgNBFOyJvxh/oy7dNAbBVZiRoC6DblxGMB/IDKGn8yZp0t0zdPcEwpAreAK3egJ34tY7eADvYeezMIkFD4qq96hHRSln2njet1PY2Nza3inulvb2Dw6P3OOTpk4yRaFBE56odkQ0cCahYZjh0E4VEBFxaEXD+6nfGoHSLJFPZpxCKEhfsphRYqzUdV0I+kQI0s0DJXA0KXXdslfxZsDrxF+QMlqg3nV/gl5CMwHSUE607vheasKcKMMoh0kpyDSkhA5JHzqWSiJAh/ns8wm+sEoPx4myIw2eqX8vciK0HovIbgpiBnrVm4r/eZ3MxLdhzmSaGZB0HhRnHJsET2vAPaaAGj62hFDF7K+YDogi1NiyllJiGEuRTmwv/moL66R5VfGvK9XHarl2t2ioiM7QObpEPrpBNfSA6qiBKBqhF/SK3pxn5935cD7nqwVncXOKluB8/QLw85uk</latexit>e�b

Neutrinos from UHE Electromagnetic Cascade

New numerical  
reassessment

New numerical  
reassessment

First Born  
Approximation
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<latexit sha1_base64="8SEAp8rnQECdGN2xJKUAb/y1kXA=">AAACEHicbVDLSsNAFJ34rPUVHzs3g0VwVRIp6rLoxmUF+4AmhMl00g6dmYSZiRBDf8IvcKtf4E7c+gd+gP/hpM3Cth64l8M593IvJ0wYVdpxvq2V1bX1jc3KVnV7Z3dv3z447Kg4lZi0ccxi2QuRIowK0tZUM9JLJEE8ZKQbjm8Lv/tIpKKxeNBZQnyOhoJGFCNtpMA+9oaIczTrQe5JDsNJYNecujMFXCZuSWqgRCuwf7xBjFNOhMYMKdV3nUT7OZKaYkYmVS9VJEF4jIakb6hAnCg/n34/gWdGGcAolqaEhlP170aOuFIZD80kR3qkFr1C/M/rpzq69nMqklQTgWeHopRBHcMiCjigkmDNMkMQltT8CvEISYS1CWzuSkQywZMiF3cxhWXSuai7l/XGfaPWvCkTqoATcArOgQuuQBPcgRZoAwyewAt4BW/Ws/VufVifs9EVq9w5AnOwvn4BtkGdvA==</latexit>��b
<latexit sha1_base64="tb13pLosGzFYYvN1aupvu3+3IGs=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwVZJSarsrunEjRLAPSEOZTCft0JlJmJkIIXTtF7jVL3Anbv0OP8D/cNJWsKIHLhzOuZd77wliRpW27Q+rsLa+sblV3C7t7O7tH5QPj7oqSiQmHRyxSPYDpAijgnQ01Yz0Y0kQDxjpBdOr3O/dE6loJO50GhOfo7GgIcVIG8mLh9lAcnjjurNhuWJXbYNGA+bEadqOIa1Ws1ZrQWdu2XYFLOEOy5+DUYQTToTGDCnlOXas/QxJTTEjs9IgUSRGeIrGxDNUIE6Un81PnsEzo4xgGElTQsO5+nMiQ1yplAemkyM9Ub+9XPzL8xIdNv2MijjRRODFojBhUEcw/x+OqCRYs9QQhCU1t0I8QRJhbVJa2RKSVPA4z+X7efg/6daqTqNav61X2pfLhIrgBJyCc+CAC9AG18AFHYBBBB7BE3i2HqwX69V6W7QWrOXMMViB9f4FGMiZqw==</latexit>pMPP

<latexit sha1_base64="YZH03X5uEWG1fbe7jDddLZFI0rk=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwVZJSarsriuAygn1AGspkOmmHzkzCzEQIoWu/wK1+gTtx63f4Af6Hk7aCFT1w4XDOvdx7TxAzqrRtf1iFtfWNza3idmlnd2//oHx41FVRIjHp4IhFsh8gRRgVpKOpZqQfS4J4wEgvmF7lfu+eSEUjcafTmPgcjQUNKUbaSF48zAaSw2vXnQ3LFbtqGzQaMCdO03YMabWatVoLOnPLtitgCXdY/hyMIpxwIjRmSCnPsWPtZ0hqihmZlQaJIjHCUzQmnqECcaL8bH7yDJ4ZZQTDSJoSGs7VnxMZ4kqlPDCdHOmJ+u3l4l+el+iw6WdUxIkmAi8WhQmDOoL5/3BEJcGapYYgLKm5FeIJkghrk9LKlpCkgsd5Lt/Pw/9Jt1Z1GtX6bb3SvlwmVAQn4BScAwdcgDa4AS7oAAwi8AiewLP1YL1Yr9bborVgLWeOwQqs9y8L+Jmj</latexit> pE
PP

<latexit sha1_base64="diroiTSAHR487WQs3xhVSIewowo=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwVZJSarsr6sJlBPuANJTJdNIOnZmEmYkQQtd+gVv9Anfi1u/wA/wPJ20FK3rgwuGce7n3niBmVGnb/rAKa+sbm1vF7dLO7t7+QfnwqKuiRGLSwRGLZD9AijAqSEdTzUg/lgTxgJFeML3K/d49kYpG4k6nMfE5GgsaUoy0kbx4mA0kh9euOxuWK3bVNmg0YE6cpu0Y0mo1a7UWdOaWbVfAEu6w/DkYRTjhRGjMkFKeY8faz5DUFDMyKw0SRWKEp2hMPEMF4kT52fzkGTwzygiGkTQlNJyrPycyxJVKeWA6OdIT9dvLxb88L9Fh08+oiBNNBF4sChMGdQTz/+GISoI1Sw1BWFJzK8QTJBHWJqWVLSFJBY/zXL6fh/+Tbq3qNKr123qlfblMqAhOwCk4Bw64AG1wA1zQARhE4BE8gWfrwXqxXq23RWvBWs4cgxVY718KXpmi</latexit>p
D
P
P

<latexit sha1_base64="G/d9xIgYoDzTOVJiDnj8KcCzZnw=">AAACAXicbVDLSgNBEJz1GeMr6tHLYBAEMexKUI9BLx4jmAckmzA76U2GzMwuM7PCEnLyC7zqF3gTr36JH+B/OEn2YBILGoqqbrq7gpgzbVz321lZXVvf2Mxt5bd3dvf2CweHdR0likKNRjxSzYBo4ExCzTDDoRkrICLg0AiGdxO/8QRKs0g+mjQGX5C+ZCGjxFipAZ0L6Jznu4WiW3KnwMvEy0gRZah2Cz/tXkQTAdJQTrRueW5s/BFRhlEO43w70RATOiR9aFkqiQDtj6bnjvGpVXo4jJQtafBU/TsxIkLrVAS2UxAz0IveRPzPayUmvPFHTMaJAUlni8KEYxPhye+4xxRQw1NLCFXM3orpgChCjU1obksIqRTx2ObiLaawTOqXJe+qVH4oFyu3WUI5dIxO0Bny0DWqoHtURTVE0RC9oFf05jw7786H8zlrXXGymSM0B+frF65flx8=</latexit>

e�e+

<latexit sha1_base64="iS+LncR+gFoXLsiciAo/0jZWzq8=">AAACBXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA+YjiWTZtrQPIYkIwxD136BW/0Cd+LW7/AD/A8zbRe29UDC4Zx7ufeeMGZUG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiMGliyaTqhEgTRgVpGmoY6cSKIB4y0g5Ht7nffiJKUykeTBqTgKOBoBHFyFjJ7/Lk8Tz/zkq9csWtuhPAZeLNSAXM0OiVf7p9iRNOhMEMae17bmyCDClDMSPjUjfRJEZ4hAbEt1QgTnSQTVYewxOr9GEklX3CwIn6tyNDXOuUh7aSIzPUi14u/uf5iYmug4yKODFE4OmgKGHQSJjfD/tUEWxYagnCitpdIR4ihbCxKc1NiUgqeDy2uXiLKSyT1kXVu6zW7muV+s0soSI4AsfgFHjgCtTBHWiAJsBAghfwCt6cZ+fd+XA+p6UFZ9ZzCObgfP0CAi6Y+Q==</latexit>

µ�µ+

<latexit sha1_base64="Gx4Xg4CG7aNxn2iahl/TIDz4zbE=">AAACB3icbVBLSgNBEO2Jvxh/UZduBoMgiGFGgroMunEZwXwgmYSeTk3SpLtn7O4RhiEH8ARu9QTuxK3H8ADew04yC5P4oIrHe1VU8fyIUaUd59vKrayurW/kNwtb2zu7e8X9g4YKY0mgTkIWypaPFTAqoK6pZtCKJGDuM2j6o9uJ33wCqWgoHnQSgcfxQNCAEqyN5EH3HLpns17oFUtO2ZnCXiZuRkooQ61X/On0QxJzEJowrFTbdSLtpVhqShiMC51YQYTJCA+gbajAHJSXTp8e2ydG6dtBKE0JbU/Vvxsp5kol3DeTHOuhWvQm4n9eO9bBtZdSEcUaBJkdCmJm69CeJGD3qQSiWWIIJpKaX20yxBITbXKauxJAIng0Nrm4iyksk8ZF2b0sV+4rpepNllAeHaFjdIpcdIWq6A7VUB0R9Ihe0Ct6s56td+vD+pyN5qxs5xDNwfr6BZbvmTk=</latexit>

e�e+e�e+

<latexit sha1_base64="UqqcrPlqVZDKFJpKvZR3iSvIkf4="></latexit>

µ+ ! e+⌫e⌫̄µ

<latexit sha1_base64="OfOmCmWyz6ABVrWd3zB7DZ7tBHw="></latexit>

µ� ! e�⌫̄e⌫µ

<latexit sha1_base64="ODEx+Xpeixfru9wKlc9shj5g1Qc=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqmRK6WMhFKXgsoK1hXYYMmnahiYzQ5IRhqH+ihsXirj1Q9z5N2baCip64MLhnHu59x4/4kxphD6s3Nr6xuZWfruws7u3f2AfHt2qMJaEdknIQ9n3saKcBbSrmea0H0mKhc9pz59dZn7vjkrFwuBGJxF1BZ4EbMwI1kby7GLbo/AconK9DtvecIKFwJ5dQmVkUKvBjDgN5BjSbDYqlSZ0FhZCJbBCx7Pfh6OQxIIGmnCs1MBBkXZTLDUjnM4Lw1jRCJMZntCBoQEWVLnp4vg5PDXKCI5DaSrQcKF+n0ixUCoRvukUWE/Vby8T//IGsR433JQFUaxpQJaLxjGHOoRZEnDEJCWaJ4ZgIpm5FZIplphok1fBhPD1Kfyf3FbKTq1cva6WWherOPLgGJyAM+CAOmiBK9ABXUBAAh7AE3i27q1H68V6XbbmrNVMEfyA9fYJDYyTJA==</latexit>

Ee = 0.77E�

<latexit sha1_base64="waxF3D6OQw9IXntQq3GzgEfFAcU=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFclUwttV0IRSm4rGAf0A5DJk3b0GRmSDLCMNRfceNCEbd+iDv/xkxbQUUPXDiccy/33uNHnCmN0Ie1srq2vrGZ28pv7+zu7dsHhx0VxpLQNgl5KHs+VpSzgLY105z2Ikmx8Dnt+tOrzO/eUalYGNzqJKKuwOOAjRjB2kieXWh6FF5AVCqfwaY3GGMhsGcXUQkZVKswI04NOYbU67VyuQ6duYVQESzR8uz3wTAksaCBJhwr1XdQpN0US80Ip7P8IFY0wmSKx7RvaIAFVW46P34GT4wyhKNQmgo0nKvfJ1IslEqEbzoF1hP128vEv7x+rEc1N2VBFGsakMWiUcyhDmGWBBwySYnmiSGYSGZuhWSCJSba5JU3IXx9Cv8nnXLJqZYqN5Vi43IZRw4cgWNwChxwDhrgGrRAGxCQgAfwBJ6te+vRerFeF60r1nKmAH7AevsE/4OTGw==</latexit>

Ee = 0.23E�

<latexit sha1_base64="Wu2merdJBIpJ5AGmc1LzCs3oxTs=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KplSarsrduNyBPuAzlAyaaYNTTJDkhHK0N9w40IRt/6MO//GTFtBRQ9cOJxzL/feEyacaYPQh1PY2Nza3inulvb2Dw6PyscnPR2nitAuiXmsBiHWlDNJu4YZTgeJoliEnPbDWSf3+/dUaRbLOzNPaCDwRLKIEWys5CejzFcCdjzPW4zKFVRFFo0GzInbRK4lrVazVmtBd2khVAFreKPyuz+OSSqoNIRjrYcuSkyQYWUY4XRR8lNNE0xmeEKHlkosqA6y5c0LeGGVMYxiZUsauFS/T2RYaD0Xoe0U2Ez1by8X//KGqYmaQcZkkhoqyWpRlHJoYpgHAMdMUWL43BJMFLO3QjLFChNjYyrZEL4+hf+TXq3qNqr123qlfb2OowjOwDm4BC64Am1wAzzQBQQk4AE8gWcndR6dF+d11Vpw1jOn4Aect0/LA5GN</latexit>p
C
P
P
P

<latexit sha1_base64="u/MshwE1gPPKfA1ol26g1J94oKc=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBEEscxIUZdFNy4r2Ae2Y8mkmTY0kwlJRihD/8KNC0Xc+jfu/Bsz7Sy09UDC4Zx7ufeeQHKmjet+O0vLK6tr64WN4ubW9s5uaW+/qeNEEdogMY9VO8CaciZowzDDaVsqiqOA01Ywusn81hNVmsXi3owl9SM8ECxkBBsrPXQlezzNvrNeqexW3CnQIvFyUoYc9V7pq9uPSRJRYQjHWnc8Vxo/xcowwumk2E00lZiM8IB2LBU4otpPpxtP0LFV+iiMlX3CoKn6uyPFkdbjKLCVETZDPe9l4n9eJzHhlZ8yIRNDBZkNChOOTIyy81GfKUoMH1uCiWJ2V0SGWGFibEhFG4I3f/IiaZ5XvItK9a5arl3ncRTgEI7gBDy4hBrcQh0aQEDAM7zCm6OdF+fd+ZiVLjl5zwH8gfP5A9t7kGU=</latexit>

⇡+⇡�

<latexit sha1_base64="shr41095WlXcLsJeFgM4AeiMQUs=">AAAB/3icdZDLSsNAFIYn9VbrLSq4cTNYBKFQklJquyu6cVnBXqBJw2Q6aYdOJmFmIpTYha/ixoUibn0Nd76Nk7aCih4Y+Pj/c5hzfj9mVCrL+jByK6tr6xv5zcLW9s7unrl/0JFRIjBp44hFoucjSRjlpK2oYqQXC4JCn5GuP7nM/O4tEZJG/EZNY+KGaMRpQDFSWvLMIyemg5KjIuiEyaAEHZ54mjyzaJUtXbUazMCuW7aGRqNeqTSgPbcsqwiW1fLMd2cY4SQkXGGGpOzbVqzcFAlFMSOzgpNIEiM8QSPS18hRSKSbzvefwVOtDGEQCf24gnP1+0SKQimnoa87Q6TG8reXiX95/UQFdTelPE4U4XjxUZAwqM/NwoBDKghWbKoBYUH1rhCPkUBY6cgKOoSvS+H/0KmU7Vq5el0tNi+WceTBMTgBZ8AG56AJrkALtAEGd+ABPIFn4954NF6M10VrzljOHIIfZbx9Ak0pla0=</latexit>

⇡+ ! µ+⌫µ

<latexit sha1_base64="fIhvs1Y7Akk8EdAabhCvJr+xEEQ=">AAACBXicdVDNS8MwHE39nPOr6lEPwSF42WjHmNttzIvHCe4D1q6kWbqFpWlJUmGUXbz4r3jxoIhX/wdv/jem2wQVfRB4ee/3I3nPjxmVyrI+jJXVtfWNzdxWfntnd2/fPDjsyCgRmLRxxCLR85EkjHLSVlQx0osFQaHPSNefXGZ+95YISSN+o6YxcUM04jSgGCkteeaJE9NB0VERdMJkUIROE4nU4cnM03fPLFglS6NahRmxa5atSb1eK5fr0J5bllUAS7Q8890ZRjgJCVeYISn7thUrN0VCUczILO8kksQIT9CI9DXlKCTSTecpZvBMK0MYREIfruBc/b6RolDKaejryRCpsfztZeJfXj9RQc1NKY8TRThePBQkDOrQWSVwSAXBik01QVhQ/VeIx0ggrHRxeV3CV1L4P+mUS3a1VLmuFBrNZR05cAxOwTmwwQVogCvQAm2AwR14AE/g2bg3Ho0X43UxumIsd47ADxhvnw4zmFY=</latexit>

⇡� ! µ�⌫̄µ

<latexit sha1_base64="UqqcrPlqVZDKFJpKvZR3iSvIkf4="></latexit>

µ+ ! e+⌫e⌫̄µ

<latexit sha1_base64="OfOmCmWyz6ABVrWd3zB7DZ7tBHw="></latexit>

µ� ! e�⌫̄e⌫µ

<latexit sha1_base64="flwoiSsnt4sMQVA6u2Wigz01+1c=">AAACDHicbVBLSgNBFOyJvxh/oy7dNAbBVZiRoC6DblxGMB/IDKGn8yZp0t0zdPcEwpAreAK3egJ34tY7eADvYeezMIkFD4qq96hHRSln2njet1PY2Nza3inulvb2Dw6P3OOTpk4yRaFBE56odkQ0cCahYZjh0E4VEBFxaEXD+6nfGoHSLJFPZpxCKEhfsphRYqzUdV0I+kQI0s0DJXA0KXXdslfxZsDrxF+QMlqg3nV/gl5CMwHSUE607vheasKcKMMoh0kpyDSkhA5JHzqWSiJAh/ns8wm+sEoPx4myIw2eqX8vciK0HovIbgpiBnrVm4r/eZ3MxLdhzmSaGZB0HhRnHJsET2vAPaaAGj62hFDF7K+YDogi1NiyllJiGEuRTmwv/moL66R5VfGvK9XHarl2t2ioiM7QObpEPrpBNfSA6qiBKBqhF/SK3pxn5935cD7nqwVncXOKluB8/QLw85uk</latexit>e�b

<latexit sha1_base64="GbhydANgc47taocTtdcciqcEb4k=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgKeyGEJNbMBe9RTQP2CxhdjKbDJnHMjMrhCWf4cWDIl79Gm/+jbNJBBUtaCiquunuCmNGtXHdDye3tr6xuZXfLuzs7u0fFA+PulomCpMOlkyqfog0YVSQjqGGkX6sCOIhI71w2sr83j1RmkpxZ2YxCTgaCxpRjIyV/HiYDhSH163b+bBYcsuuRa0GM+LVXc+SRqNeqTSgt7BctwRWaA+L74ORxAknwmCGtPY9NzZBipShmJF5YZBoEiM8RWPiWyoQJzpIFyfP4ZlVRjCSypYwcKF+n0gR13rGQ9vJkZno314m/uX5iYnqQUpFnBgi8HJRlDBoJMz+hyOqCDZsZgnCitpbIZ4ghbCxKRVsCF+fwv9Jt1L2auXqTbXUvFzFkQcn4BScAw9cgCa4Am3QARhI8ACewLNjnEfnxXldtuac1cwx+AHn7RMi3pEv</latexit> p IC
S

<latexit sha1_base64="5m7GMEQAzFLh83UmDxAdAan7svQ=">AAAB83icdVDLSgMxFM34rPVVdekmWARXJVNKbXdFEdwII9gHdIaSSTNtaCYTkoxQhv6GGxeKuPVn3Pk3ZtoKKnrgwuGce7n3nlBypg1CH87K6tr6xmZhq7i9s7u3Xzo47OgkVYS2ScIT1QuxppwJ2jbMcNqTiuI45LQbTi5zv3tPlWaJuDNTSYMYjwSLGMHGSr4cZL6K4dWN580GpTKqIIt6HebEbSDXkmazUa02oTu3ECqDJbxB6d0fJiSNqTCEY637LpImyLAyjHA6K/qpphKTCR7RvqUCx1QH2fzmGTy1yhBGibIlDJyr3ycyHGs9jUPbGWMz1r+9XPzL66cmagQZEzI1VJDFoijl0CQwDwAOmaLE8KklmChmb4VkjBUmxsZUtCF8fQr/J51qxa1Xare1cutiGUcBHIMTcAZccA5a4Bp4oA0IkOABPIFnJ3UenRfnddG64ixnjsAPOG+fyX6RjA==</latexit>p
EM

PP

<latexit sha1_base64="Q+pRUh4iI0ZqaflP/SuY+0l2BAk=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJfROJsmQmdllZlYISz7CiwdFvPo93vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqmjjVlDVoLGLdjtAwwRVrWG4FayeaoYwEa0Xju5nfemLa8Fg92knCQolDxQeconVSi3WHKCX2yhW/6s9BVkmQkwrkqPfKX91+TFPJlKUCjekEfmLDDLXlVLBpqZsaliAd45B1HFUomQmz+blTcuaUPhnE2pWyZK7+nshQGjORkeuUaEdm2ZuJ/3md1A5uwoyrJLVM0cWiQSqIjcnsd9LnmlErJo4g1dzdSugINVLrEiq5EILll1dJ86IaXFUvHy4rtds8jiKcwCmcQwDXUIN7qEMDKIzhGV7hzUu8F+/d+1i0Frx85hj+wPv8AUpIj40=</latexit>e�

<latexit sha1_base64="GCGEwBAG9djkd+SYN61j89mi/tw=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSIIYkmkqMuiG5cV7APSWCbTaTt0HmHmRiihn+HGhSJu/Rp3/o2TNgttPTDD4Zx7ufeeKObMgOd9O4WV1bX1jeJmaWt7Z3evvH/QMirRhDaJ4kp3ImwoZ5I2gQGnnVhTLCJO29H4NvPbT1QbpuQDTGIaCjyUbMAIBisFtCuSx7PsO++VK17Vm8FdJn5OKihHo1f+6vYVSQSVQDg2JvC9GMIUa2CE02mpmxgaYzLGQxpYKrGgJkxnK0/dE6v03YHS9klwZ+rvjhQLYyYispUCw8gsepn4nxckMLgOUybjBKgk80GDhLug3Ox+t880JcAnlmCimd3VJSOsMQGbUsmG4C+evExaF1X/slq7r1XqN3kcRXSEjtEp8tEVqqM71EBNRJBCz+gVvTngvDjvzse8tODkPYfoD5zPH7kZkOY=</latexit>

eµ+µ�

<latexit sha1_base64="UqqcrPlqVZDKFJpKvZR3iSvIkf4="></latexit>

µ+ ! e+⌫e⌫̄µ

<latexit sha1_base64="OfOmCmWyz6ABVrWd3zB7DZ7tBHw="></latexit>

µ� ! e�⌫̄e⌫µ

Probabilities are the ratio of the cross-sections

The Monte Carlo will be stopped at the “Break point” given by user!

<latexit sha1_base64="6PNSWe0aBprH8YcrnpU1miZLbVc=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyGjfe6KblxWsA/oDEMmTdvQZGZIMkId+iVuXCji1k9x59+YPgQVPXDhcM693HtPmHCmNEIfVm5tfWNzK79d2Nnd2y/aB4cdFaeS0DaJeSx7IVaUs4i2NdOc9hJJsQg57YaTq7nfvaNSsTi61dOE+gKPIjZkBGsjBXaReiMsBA4yTwoYzgK7hBxULaNGBSKngtz6hbskjVoNug5aoARWaAX2uzeISSpopAnHSvVdlGg/w1Izwums4KWKJphM8Ij2DY2woMrPFofP4KlRBnAYS1ORhgv1+0SGhVJTEZpOgfVY/fbm4l9eP9XDup+xKEk1jchy0TDlUMdwngIcMEmJ5lNDMJHM3ArJGEtMtMmqYEL4+hT+Tzrnjlt1yjflUvNyFUceHIMTcAZcUANNcA1aoA0ISMEDeALP1r31aL1Yr8vWnLWaOQI/YL19Ahv6k2k=</latexit>e�b
<latexit sha1_base64="6PNSWe0aBprH8YcrnpU1miZLbVc=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyGjfe6KblxWsA/oDEMmTdvQZGZIMkId+iVuXCji1k9x59+YPgQVPXDhcM693HtPmHCmNEIfVm5tfWNzK79d2Nnd2y/aB4cdFaeS0DaJeSx7IVaUs4i2NdOc9hJJsQg57YaTq7nfvaNSsTi61dOE+gKPIjZkBGsjBXaReiMsBA4yTwoYzgK7hBxULaNGBSKngtz6hbskjVoNug5aoARWaAX2uzeISSpopAnHSvVdlGg/w1Izwums4KWKJphM8Ij2DY2woMrPFofP4KlRBnAYS1ORhgv1+0SGhVJTEZpOgfVY/fbm4l9eP9XDup+xKEk1jchy0TDlUMdwngIcMEmJ5lNDMJHM3ArJGEtMtMmqYEL4+hT+Tzrnjlt1yjflUvNyFUceHIMTcAZcUANNcA1aoA0ISMEDeALP1r31aL1Yr8vWnLWaOQI/YL19Ahv6k2k=</latexit>e�b

<latexit sha1_base64="6PNSWe0aBprH8YcrnpU1miZLbVc=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyGjfe6KblxWsA/oDEMmTdvQZGZIMkId+iVuXCji1k9x59+YPgQVPXDhcM693HtPmHCmNEIfVm5tfWNzK79d2Nnd2y/aB4cdFaeS0DaJeSx7IVaUs4i2NdOc9hJJsQg57YaTq7nfvaNSsTi61dOE+gKPIjZkBGsjBXaReiMsBA4yTwoYzgK7hBxULaNGBSKngtz6hbskjVoNug5aoARWaAX2uzeISSpopAnHSvVdlGg/w1Izwums4KWKJphM8Ij2DY2woMrPFofP4KlRBnAYS1ORhgv1+0SGhVJTEZpOgfVY/fbm4l9eP9XDup+xKEk1jchy0TDlUMdwngIcMEmJ5lNDMJHM3ArJGEtMtMmqYEL4+hT+Tzrnjlt1yjflUvNyFUceHIMTcAZcUANNcA1aoA0ISMEDeALP1r31aL1Yr8vWnLWaOQI/YL19Ahv6k2k=</latexit>e�b

<latexit sha1_base64="6PNSWe0aBprH8YcrnpU1miZLbVc=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyGjfe6KblxWsA/oDEMmTdvQZGZIMkId+iVuXCji1k9x59+YPgQVPXDhcM693HtPmHCmNEIfVm5tfWNzK79d2Nnd2y/aB4cdFaeS0DaJeSx7IVaUs4i2NdOc9hJJsQg57YaTq7nfvaNSsTi61dOE+gKPIjZkBGsjBXaReiMsBA4yTwoYzgK7hBxULaNGBSKngtz6hbskjVoNug5aoARWaAX2uzeISSpopAnHSvVdlGg/w1Izwums4KWKJphM8Ij2DY2woMrPFofP4KlRBnAYS1ORhgv1+0SGhVJTEZpOgfVY/fbm4l9eP9XDup+xKEk1jchy0TDlUMdwngIcMEmJ5lNDMJHM3ArJGEtMtMmqYEL4+hT+Tzrnjlt1yjflUvNyFUceHIMTcAZcUANNcA1aoA0ISMEDeALP1r31aL1Yr8vWnLWaOQI/YL19Ahv6k2k=</latexit>e�b

<latexit sha1_base64="6PNSWe0aBprH8YcrnpU1miZLbVc=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyGjfe6KblxWsA/oDEMmTdvQZGZIMkId+iVuXCji1k9x59+YPgQVPXDhcM693HtPmHCmNEIfVm5tfWNzK79d2Nnd2y/aB4cdFaeS0DaJeSx7IVaUs4i2NdOc9hJJsQg57YaTq7nfvaNSsTi61dOE+gKPIjZkBGsjBXaReiMsBA4yTwoYzgK7hBxULaNGBSKngtz6hbskjVoNug5aoARWaAX2uzeISSpopAnHSvVdlGg/w1Izwums4KWKJphM8Ij2DY2woMrPFofP4KlRBnAYS1ORhgv1+0SGhVJTEZpOgfVY/fbm4l9eP9XDup+xKEk1jchy0TDlUMdwngIcMEmJ5lNDMJHM3ArJGEtMtMmqYEL4+hT+Tzrnjlt1yjflUvNyFUceHIMTcAZcUANNcA1aoA0ISMEDeALP1r31aL1Yr8vWnLWaOQI/YL19Ahv6k2k=</latexit>e�b

<latexit sha1_base64="6PNSWe0aBprH8YcrnpU1miZLbVc=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyGjfe6KblxWsA/oDEMmTdvQZGZIMkId+iVuXCji1k9x59+YPgQVPXDhcM693HtPmHCmNEIfVm5tfWNzK79d2Nnd2y/aB4cdFaeS0DaJeSx7IVaUs4i2NdOc9hJJsQg57YaTq7nfvaNSsTi61dOE+gKPIjZkBGsjBXaReiMsBA4yTwoYzgK7hBxULaNGBSKngtz6hbskjVoNug5aoARWaAX2uzeISSpopAnHSvVdlGg/w1Izwums4KWKJphM8Ij2DY2woMrPFofP4KlRBnAYS1ORhgv1+0SGhVJTEZpOgfVY/fbm4l9eP9XDup+xKEk1jchy0TDlUMdwngIcMEmJ5lNDMJHM3ArJGEtMtMmqYEL4+hT+Tzrnjlt1yjflUvNyFUceHIMTcAZcUANNcA1aoA0ISMEDeALP1r31aL1Yr8vWnLWaOQI/YL19Ahv6k2k=</latexit>e�b

<latexit sha1_base64="VOfjjo5nNT+UKvlGlkjUHCsiaBI=">AAAB/XicdVDLSgMxFM34rPU1PnZugkVwNWS0z13RjcsK9gGdUjJppg1NZoYkI9Sh+CtuXCji1v9w59+Ydiqo6IF7OZxzL7k5fsyZ0gh9WEvLK6tr67mN/ObW9s6uvbffUlEiCW2SiEey42NFOQtpUzPNaSeWFAuf07Y/vpz57VsqFYvCGz2JaU/gYcgCRrA2Ut8+9IZYCJz1fupJAf1p3y4gB5WLqFaCyCkht3ruZqRWqUDXQXMUwAKNvv3uDSKSCBpqwrFSXRfFupdiqRnhdJr3EkVjTMZ4SLuGhlhQ1Uvn10/hiVEGMIikqVDDufp9I8VCqYnwzaTAeqR+ezPxL6+b6KDaS1kYJ5qGJHsoSDjUEZxFAQdMUqL5xBBMJDO3QjLCEhNtAsubEL5+Cv8nrTPHLTvF62KhfrGIIweOwDE4BS6ogDq4Ag3QBATcgQfwBJ6te+vRerFes9Ela7FzAH7AevsE9jyVlQ==</latexit>��b



MUNHECA: Results 12

Monochromatic neutrino from π± → μ±νμ(ν̄μ)

Continuous neutrino spectrum from 
  decay of μ± π± → μ±νμ(ν̄μ)

CASE 1: Cosmological Distances Propagation 

Comparison to the conventional (Hadronic) 
 cosmogenic  production scenarioν

20 - 30 % of the leading photon energy  
will be carried by the NEUTRINOS,  

depending on the leading and background photon’s energies

Number of neutrino generator processes occurrence in 5000 realizations

Initial photon injection at redshift  , z = 10 Eγ = 1021 eV



MUNHECA: Results 13

CASE 2: Leptonic Model For NGC1068

https://arxiv.org/pdf/2305.06375.pdf
DPP, CPPP and EMPP are NOT taken into account

 is supposed ηMPP = 0.5

Multiple muon production is neglected 
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CASE 2: Leptonic Model For NGC1068

TX = 1 keV

Synchrotron 
B = 5 kG

<latexit sha1_base64="YsIkBNFkzX1h9cGBNT/camvFj/A="></latexit>

f(E�) = E�1.5
� exp

q
2⇡m3

eE�/eB/(300TeV)

�

The total power injected above 1 TeV is1.2 × 1043 erg/sCORONA

Hard X-Ray
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Recap and Conclusion: 

‣ A pure leptonic process for ultra-high and high energy neutrino production ( muon production threshold) 

‣ 20 - 30 % of the injected energy channels to neutrinos 

‣ MUNHECA gives us this neutrino spectrum  

‣ Detection: Upcoming experiments, e.g. GRAND and IceCube-Gen2 

s >

‣ Next Version of MUNHECA:  
- Full set of non-negligible hadronic processes 
- Magnetic field inside the astrophysical source 

‣ SuperMassive Black Hole (SMBH) 

‣ Super Heavy Dark Matter (SHDM)

Future: 



• A. Esmaeili, A. Capanema, A. Esmaili and P. D. Serpico, https://doi.org/10.1103/
PhysRevD.106.123016 

• A. Esmaeili , A. Esmaili and P. D. Serpico, arXiv: 2310.01510
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Thank you!



Back-up Slides



Neglected Processes: 

BACK-UP SLIDES

ETP In the CoM frame the electron will be scattered in the forward direction  
and the  will be scattered backward. 
Doing the Lorentz transformation from CoM to Lab frame, the backward  
pair takes  fraction of the initial electron’s energy.

e±

𝒪(10−5)

Radiative Correction According to the seminal paper R. J. Gould, Astrophys. J. 230, 967 (1979)  
The sum of the amplitudes for these processes not only cures the 
infrared divergence in cross section but also cancels the apparent increase 
of double Compton scattering cross section at high energy, such that the total 
cross section of these processes only differs at the few percent level from 
the leading-order cross section of the single Compton scattering.

EPMPP It’s cross-section is 3 orders of magnitude less than the DPP



Inelasticity Calculation: 

BACK-UP SLIDES

Usually we have the  in the CoM framedσ/dE Boost to the Lab Frame

For the interactions that we have considered 
<latexit sha1_base64="85RdVjueR5NS9baeXk6nuWqWZxE="></latexit>

d�

dEout
dEout =

d�

dE⇤
out

dE⇤
out

And the Lorentz transformation can be approximated by <latexit sha1_base64="lG46znTIIdDsl2O7fahKfFIhrq0=">AAACKXicbVBNSwMxFMz6WetX1aOXYBHqpexKUS9CUQSPClaF7rq8TbM1mOwuyVuhLP07XvwrXhQU9eofMa09aOtAYDIzj+RNlElh0HU/nKnpmdm5+dJCeXFpeWW1srZ+adJcM95iqUz1dQSGS5HwFgqU/DrTHFQk+VV0dzzwr+65NiJNLrCX8UBBNxGxYIBWCivNk7DwtaJpjn16SH/dbnww6HdBKQhZzfMz5UccYSywE1aqbt0dgk4Sb0SqZISzsPLid1KWK54gk2BM23MzDArQKJjk/bKfG54Bu4Mub1uagOImKIab9um2VTo0TrU9CdKh+nuiAGVMT0U2qQBvzbg3EP/z2jnGB0EhkixHnrCfh+JcUkzpoDbaEZozlD1LgGlh/0rZLWhgaMst2xK88ZUnyeVu3durN84b1ebRqI4S2SRbpEY8sk+a5JSckRZh5IE8kVfy5jw6z8678/kTnXJGMxvkD5yvbxtCpzE=</latexit>

Eout = E⇤
out�c(1± �⇤

out)

velocity of the outgoing particle
<latexit sha1_base64="oy3yL7Rrz8Fp79eV8Z7IcgLigsE=">AAACCHicbVDLSsNAFJ3UV62vqksXDhbBVU2kqBuhKILLCvYBTQiT6aQdOpPEmRuhhC7d+CtuXCji1k9w5984fSy09cCFwzn3cu89QSK4Btv+tnILi0vLK/nVwtr6xuZWcXunoeNUUVansYhVKyCaCR6xOnAQrJUoRmQgWDPoX4385gNTmsfRHQwS5knSjXjIKQEj+cV9t0ukJD7FF/jaz1wlcZzC8NjV9woyPfSLJbtsj4HniTMlJTRFzS9+uZ2YppJFQAXRuu3YCXgZUcCpYMOCm2qWENonXdY2NCKSaS8bPzLEh0bp4DBWpiLAY/X3REak1gMZmE5JoKdnvZH4n9dOITz3Mh4lKbCIThaFqcAQ41EquMMVoyAGhhCquLkV0x5RhILJrmBCcGZfnieNk7JzWq7cVkrVy2kcebSHDtARctAZqqIbVEN1RNEjekav6M16sl6sd+tj0pqzpjO76A+szx9cUpmX</latexit>

�c = Eout/
p
s

Forward/Backward 

As 
<latexit sha1_base64="RZG/6OFmokNGIYx0K/e0XDgDrX8=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIqMeiF48V7Ac0IWy2m3bpJht2J0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5YSq4Bsf5tipr6xubW9Xt2s7u3v6BfXjU1TJTlHWoFFL1Q6KZ4AnrAAfB+qliJA4F64WT25nfe2RKc5k8QJ4yPyajhEecEjBSYNe9kAEJCk/FWGYw9UC6gd1wms4ceJW4JWmgEu3A/vKGkmYxS4AKovXAdVLwC6KAU8GmNS/TLCV0QkZsYGhCYqb9Yn78FJ8aZYgjqUwlgOfq74mCxFrncWg6YwJjvezNxP+8QQbRtV/wJM2AJXSxKMoEBolnSeAhV4yCyA0hVHFzK6ZjoggFk1fNhOAuv7xKuudN97J5cX/RaN2UcVTRMTpBZ8hFV6iF7lAbdRBFOXpGr+jNerJerHfrY9FascqZOvoD6/MH0e6U5A==</latexit>

�out ! 1 the inelasticity of the forward scattered particles: 
<latexit sha1_base64="LX3qORV3SnUBcfNOSl0aWrx0Mpk="></latexit>

⌘+(s) =
1

�

Z p
s/2

0

2E⇤
outp
s

d�

dE⇤
out

dE⇤
out

(*)

For the backward scattered particles :
<latexit sha1_base64="Ei6QMZh4KtTjFuCpeuLvd+swFEg="></latexit>

Eout = E⇤
out�c(1� �⇤

out) =
E⇤

out�c
(�⇤

out)
2(1 + �⇤

out)
' �cm2

2E⇤
out

<latexit sha1_base64="QOC36xMhSMN1nkcCCh7XR2/aytg="></latexit>

⌘�(s) =
1

�

Z p
s/2

m2

2
p

s

m2

2
p
s

1

E⇤
out

d�

dE⇤
out

dE⇤
out



Inelasticity Calculation: 

BACK-UP SLIDES

<latexit sha1_base64="hrksKj1QuwnNR/2KlJ8pkCy7IgE="></latexit>

d�`

dE⇤ (s) =
1p
s
�`(r`, s)�tot(s)

<latexit sha1_base64="DwR/BvqrqiPkbNEvNJKt+n3YuSI=">AAACGHicbVBNS8MwGE79nPOr6tFLcAgTxmzHUC/C0IvHCe4D1lrSNNvC0rQkqTDKfoYX/4oXD4p43c1/Y9b1oJsPhDx5nvflzfv4MaNSWda3sbK6tr6xWdgqbu/s7u2bB4dtGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fij25nfeSJC0og/qHFM3BANOO1TjJSWPPPcoVx5qTV5TO2JEw+p5xDGyiK7KvLMqTgBnL/gNaxBzyxZVSsDXCZ2TkogR9Mzp04Q4SQkXGGGpOzZVqzcFAlFMSOTopNIEiM8QgPS05SjkEg3zRabwFOtBLAfCX24gpn6uyNFoZTj0NeVIVJDuejNxP+8XqL6V25KeZwowvF8UD9hUEVwlhIMqCBYsbEmCAuq/wrxEAmElc6yqEOwF1deJu1a1b6o1u/rpcZNHkcBHIMTUAY2uAQNcAeaoAUweAav4B18GC/Gm/FpfM1LV4y85wj8gTH9AZgBns8=</latexit>Z 1

0
�`(r`, s) r.` = 2

<latexit sha1_base64="uGGYLUNhw+7TUo2PnTA4UcyY/68=">AAACInicbVDLSgMxFM3UV62vUZdugkWoUMqMFB8LoejGZQX7gM44ZDJpG5pkhiQjlNJvceOvuHGhqCvBjzFtZ6GtBwLnnnMvN/eECaNKO86XlVtaXlldy68XNja3tnfs3b2milOJSQPHLJbtECnCqCANTTUj7UQSxENGWuHgeuK3HohUNBZ3epgQn6OeoF2KkTZSYF94KuWBRxjzqNCBc+9COSuTPp2S0qwuq2Ov7EWZCy+rgV10Ks4UcJG4GSmCDPXA/vCiGKecCI0ZUqrjOon2R0hqihkZF7xUkQThAeqRjqECcaL80fTEMTwySgS7sTRPaDhVf0+MEFdqyEPTyZHuq3lvIv7ndVLdPfdHVCSpJgLPFnVTBnUMJ3nBiEqCNRsagrCk5q8Q95FEWJtUCyYEd/7kRdI8qbinlepttVi7yuLIgwNwCErABWegBm5AHTQABo/gGbyCN+vJerHerc9Za87KZvbBH1jfP+L7ozg=</latexit>X

`

Z 1

0
r`�`(r`, s) r.` = 4

Probability Conservation

Energy Conservation

<latexit sha1_base64="TpT/p8Hxz/29uEO2+vR+9pazimE="></latexit>

⌘`,+(s) =

Z 1

0

r`
2
�`(r`, s) r.`

<latexit sha1_base64="lAUC75xfxaCJswX0ykFTgrIOGhM="></latexit>

⌘`,�(s) =

Z 1

m2
s

m2

2sr`
�`(r`, s) r.`

calcHEP
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CASE 1: Cosmological Distances Propagation 

Muon and Pion Spectra 

Gamma-ray and Electron Spectra  
below the break point 

The  pair of DPP [backward scattered]  
which takes  fraction of initial energy 

e±

≪ 1
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