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Can one justify via theoretical models a given phenomenological ansatz?

Can a phenomenological model select a preferred microscopic model?
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Microscopic 
models

Start from open QFT models: underlying microscopic QM model arises in the limit   
           the coupling between environment and system is given to us by the action
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 energy dependenceEn :

 shape of the dissipatorγij :

from the dissipator: 
contains both 

decoherence & 
dissipation
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Trace out environment dofs:      
Lindblad master equation 
(Lindblad operators)

dissipator * under the assumption 
that the master equation 

is of Lindblad form
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� ĤS ⌦

NX

i=1

giq̂i

<latexit sha1_base64="qnByqNXzq2nk6ZwGhH2Vn3GCA9c="></latexit>

[Blencowe, Xu 
2005.02554 [quant-

[Fahn, Giesel 
2409.12790 [hep-th]]

Rationale: positive powers, decoherence stronger at high E  
                  negative powers, decoherence stronger at low E 

high energy atmospheric

solar neutrinos, low energy 
atmospheric

7



of 13Renata Ferrero - Neutrino oscillations and decoherence

Energy dependence

Consider for instance the 
QM model 
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Energy dependence

8

If no decoherence

If 

If 

If 

If 

If 

f(ĤS) ⇠ Ĥ
0
S

<latexit sha1_base64="LjgnIJf11eAQFr+lVV0oXmnQF48=">AAACD3icbVC7TgJREL3rE/GFWtLcSEywIbsGoyXRhhKjPBJAMnsZ4Ia7j9w7a0IIhZ/gV9hqZWds/QQL/8VdxETBU505ZyYzc9xQSUO2/WEtLa+srq2nNtKbW9s7u5m9/ZoJIi2wKgIV6IYLBpX0sUqSFDZCjeC5Cuvu8DLx63eojQz8GxqF2Pag78ueFECx1Mlke/nWAIiXO9fHvGWkx3/KW7uTydkFewq+SJwZybEZKp3MZ6sbiMhDn4QCY5qOHVJ7DJqkUDhJtyKDIYgh9LEZUx88NO3x9IkJP4oMUMBD1FwqPhXx98QYPGNGnht3ekADM+8l4n9eM6LeeXss/TAi9EWyiKTC6SIjtIzTQd6VGokguRy59LkADUSoJQchYjGK40rHeTjz3y+S2knBKRZOr4q50sUsmRTLskOWZw47YyVWZhVWZYLds0f2xJ6tB+vFerXevluXrNnMAfsD6/0L1Nua1g==</latexit>

f(ĤS) ⇠ Ĥ
1/2
S

<latexit sha1_base64="/Y6lRkQpTqmfG3kdfhVwZBxwmWI=">AAACE3icbVC7TsNAEDyHVwivACUFJyKk0AQbgaBE0KQEQQApDtH6sklOOT90t0ZCVko+ga+ghYoO0fIBFPwLjjESBKaandnV7o4XKWnItt+twsTk1PRMcbY0N7+wuFReXrkwYawFNkSoQn3lgUElA2yQJIVXkUbwPYWX3uB45F/eoDYyDM7pNsKWD71AdqUASqV2eb1bdftAvN4+2+KukT7/Lq8TZ3tn2C5X7Jqdgf8lTk4qLMdJu/zhdkIR+xiQUGBM07EjaiWgSQqFw5IbG4xADKCHzZQG4KNpJdkjQ74ZG6CQR6i5VDwT8edEAr4xt76XdvpAfTPujcT/vGZM3YNWIoMoJgzEaBFJhdkiI7RME0LekRqJYHQ5chlwARqIUEsOQqRinEZWSvNwxr//Sy52as5ube90t3J4lCdTZGtsg1WZw/bZIauzE9Zggt2xB/bInqx769l6sV6/WgtWPrPKfsF6+wSp8ZxY</latexit>

f(ĤS) ⇠ Ĥ
3/2
S

<latexit sha1_base64="aa3nt0E/wGv7BGwlWrcSuMjYB7Q=">AAACE3icbVC7TgJREL2LL8QXamnhjcREG9xFjJZEG0qMgiSAZPY6wA13H7l31oRsKP0Ev8JWKztj6wdY+C8uiImKpzpzzkxm5rihkoZs+91KzczOzS+kFzNLyyura9n1jZoJIi2wKgIV6LoLBpX0sUqSFNZDjeC5Cq/c/tnIv7pFbWTgX9IgxJYHXV92pABKpHZ2u7PX7AHxcvtinzeN9Ph3eR0fHhSG7WzOzttj8GniTEiOTVBpZz+aN4GIPPRJKDCm4dghtWLQJIXCYaYZGQxB9KGLjYT64KFpxeNHhnw3MkABD1FzqfhYxJ8TMXjGDDw36fSAeuavNxL/8xoRdU5asfTDiNAXo0UkFY4XGaFlkhDyG6mRCEaXI5c+F6CBCLXkIEQiRklkmSQP5+/306RWyDvF/NF5MVc6nSSTZltsh+0xhx2zEiuzCqsywe7YA3tkT9a99Wy9WK9frSlrMrPJfsF6+wStFZxa</latexit>

f(ĤS) ⇠ Ĥ
2
S

<latexit sha1_base64="Ky5yT+WNFNm/Dlw4xXiEt1Ksg94=">AAACEXicbVDLSsRAEJz4dn1FPYowuAh6WZJlRY+iF4+KrgqbGDpjrw5OHsx0BAl78hP8Cq968iZe/QIP/otJjOCrTtVV3XR3hamShhznzRoaHhkdG5+YbExNz8zO2fMLxybJtMCuSFSiT0MwqGSMXZKk8DTVCFGo8CS82i39k2vURibxEd2k6EdwEcu+FECFFNjL/TXvEojvBYfr3DMy4l/lWd4eBHbTaTkV+F/i1qTJauwH9rt3nogswpiEAmN6rpOSn4MmKRQOGl5mMAVxBRfYK2gMERo/r94Y8NXMACU8Rc2l4pWI3ydyiIy5icKiMwK6NL+9UvzP62XU3/JzGacZYSzKRSQVVouM0LLIB/m51EgE5eXIZcwFaCBCLTkIUYhZEVijyMP9/f1fctxuuZ3WxkGnub1TJzPBltgKW2Mu22TbbI/tsy4T7Jbdswf2aN1ZT9az9fLZOmTVM4vsB6zXD7cNm+Q=</latexit>

f(ĤS) ⇠ Ĥ
5/2
S

<latexit sha1_base64="CMLH8ZgshpETVaNdEHBC8FGXpyw=">AAACE3icbVC7TgJREL3rE/GFWlp4IzHBBncJREuijaVGURNAMnsZ5Ia7j9w7a0I2lH6CX2GrlZ2x9QMs/Bd3cU1UPNWZc2YyM8cNlTRk2+/W1PTM7Nx8biG/uLS8slpYW78wQaQFNkSgAn3lgkElfWyQJIVXoUbwXIWX7uAo9S9vURsZ+Oc0DLHtwY0ve1IAJVKnsNUrtfpA/LhztstbRnr8u7yOa3uVUadQtMv2GHySOBkpsgwnncJHqxuIyEOfhAJjmo4dUjsGTVIoHOVbkcEQxABusJlQHzw07Xj8yIjvRAYo4CFqLhUfi/hzIgbPmKHnJp0eUN/89VLxP68ZUe+gHUs/jAh9kS4iqXC8yAgtk4SQd6VGIkgvRy59LkADEWrJQYhEjJLI8kkezt/vJ8lFpexUy7XTarF+mCWTY5tsm5WYw/ZZnR2zE9Zggt2xB/bInqx769l6sV6/WqesbGaD/YL19gmwOZxc</latexit>

f(ĤS) ⇠ Ĥ
3
S

<latexit sha1_base64="0Vj+5g+5CGloktvpikPdINlSpKk=">AAACEXicbVDLTgJBEJzFF+Jr1aMxmUhM8EJ2FaNHoheOGAVMAEnv2MiE2Udmek3IhpOf4Fd41ZM349Uv8OC/uCAmitapuqo73V1epKQhx3m3MjOzc/ML2cXc0vLK6pq9vlE3YawF1kSoQn3pgUElA6yRJIWXkUbwPYUNr3868hu3qI0MgwsaRNj24SaQXSmAUqljb3cLrR4Qr3TO93jLSJ9/l1fJwbBj552iMwb/S9wJybMJqh37o3UditjHgIQCY5quE1E7AU1SKBzmWrHBCEQfbrCZ0gB8NO1k/MaQ78YGKOQRai4VH4v4cyIB35iB76WdPlDPTHsj8T+vGVP3uJ3IIIoJAzFaRFLheJERWqb5IL+WGolgdDlyGXABGohQSw5CpGKcBpZL83Cnv/9L6vtFt1Q8PCvlyyeTZLJsi+2wAnPZESuzCquyGhPsjj2wR/Zk3VvP1ov1+tWasSYzm+wXrLdPuJ2b5Q==</latexit>

n = �3

<latexit sha1_base64="bG7auNQeds40eAnKcBHV4qTqito=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJhsiGIGiQImgog0QeUmJF58smHDmfrbs1UrDyD7RQ0SFa/oaCf8E2LiBhqtHMrnZ2vFAKg7b9aRUWFpeWV4qrpbX1jc2t8vZOywSR5tDkgQx0x2MGpFDQRIESOqEG5nsS2t74KvXbD6CNCNQtTkJwfTZSYig4w0RqKXpBj0765YpdtTPQeeLkpEJyNPrlr94g4JEPCrlkxnQdO0Q3ZhoFlzAt9SIDIeNjNoJuQhXzwbhxlnZKDyLDMKAhaCokzUT4vREz35iJ7yWTPsM7M+ul4n9eN8LhuRsLFUYIiqeHUEjIDhmuRVID0IHQgMjS5ECFopxphghaUMZ5IkZJL6WkD2f2+3nSOq46terpTa1Sv8ybKZI9sk8OiUPOSJ1ckwZpEk7uyRN5Ji/Wo/VqvVnvP6MFK9/ZJX9gfXwDjqWSjg==</latexit>

n = �1

<latexit sha1_base64="ZJg1Lhx0fw80Nxx20sqWIsxFVOQ=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESHRENkoCBqkCBrKIJGHlFjR+bIJR85n626NFKL8Ay1UdIiWv6HgX3BMCkiYajSzq52dIFbSkut+OguLS8srq7m1/PrG5tZ2YWe3bqPECKyJSEWmGXCLSmqskSSFzdggDwOFjWBwNfEbD2isjPQtDWP0Q97XsicFp1Sqa3bBjr1OoeiW3AxsnnhTUoQpqp3CV7sbiSRETUJxa1ueG5M/4oakUDjOtxOLMRcD3sdWSjUP0fqjLO2YHSaWU8RiNEwqlon4e2PEQ2uHYZBOhpzu7Kw3Ef/zWgn1zv2R1HFCqMXkEEmF2SErjExrQNaVBon4JDkyqZnghhOhkYwLkYpJ2ks+7cOb/X6e1E9KXrl0elMuVi6nzeRgHw7gCDw4gwpcQxVqIOAenuAZXpxH59V5c95/Rhec6c4e/IHz8Q2Lh5KM</latexit>

n = 0

<latexit sha1_base64="0ml2jZhCss2RKH8GEUpfOVz1Th4=">AAAB93icbVA9SwNBEN2LXzF+RS1tFoNgFe4koo0QtLGMYD4gCWFuM4lL9vaO3TkhhPwGW63sxNafY+F/8e68QhNf9Xhvhnnz/EhJS6776RRWVtfWN4qbpa3tnd298v5By4axEdgUoQpNxweLSmpskiSFncggBL7Ctj+5Sf32IxorQ31P0wj7AYy1HEkBlEhNza+4OyhX3KqbgS8TLycVlqMxKH/1hqGIA9QkFFjb9dyI+jMwJIXCeakXW4xATGCM3YRqCND2Z1nYOT+JLVDIIzRcKp6J+HtjBoG108BPJgOgB7vopeJ/Xjem0WV/JnUUE2qRHiKpMDtkhZFJC8iH0iARpMmRS80FGCBCIzkIkYhxUksp6cNb/H6ZtM6qXq16fler1K/zZorsiB2zU+axC1Znt6zBmkwwyZ7YM3txps6r8+a8/4wWnHznkP2B8/ENHcaSVA==</latexit>

n = 1

<latexit sha1_base64="FzURlaiEoN4RHGjfBVlmPKtp0u8=">AAAB93icbVA9SwNBEN2LXzF+RS1tFoNgFe4koo0QtLGMYD4gCWFuM4lL9vaO3TkhhPwGW63sxNafY+F/8e68QhNf9Xhvhnnz/EhJS6776RRWVtfWN4qbpa3tnd298v5By4axEdgUoQpNxweLSmpskiSFncggBL7Ctj+5Sf32IxorQ31P0wj7AYy1HEkBlEhNza+4NyhX3KqbgS8TLycVlqMxKH/1hqGIA9QkFFjb9dyI+jMwJIXCeakXW4xATGCM3YRqCND2Z1nYOT+JLVDIIzRcKp6J+HtjBoG108BPJgOgB7vopeJ/Xjem0WV/JnUUE2qRHiKpMDtkhZFJC8iH0iARpMmRS80FGCBCIzkIkYhxUksp6cNb/H6ZtM6qXq16fler1K/zZorsiB2zU+axC1Znt6zBmkwwyZ7YM3txps6r8+a8/4wWnHznkP2B8/ENH1WSVQ==</latexit>

n = 2

<latexit sha1_base64="5Pofb6B7IAUj42DvvV594NILglE=">AAAB93icbVA9SwNBEN3zM8avqKXNYhCswl2IaCMEbSwjmA9IjjC3mcQle3vH7pwQQn6DrVZ2YuvPsfC/eBev0MRXPd6bYd68IFbSkut+Oiura+sbm4Wt4vbO7t5+6eCwZaPECGyKSEWmE4BFJTU2SZLCTmwQwkBhOxjfZH77EY2Vkb6nSYx+CCMth1IApVJT8yte7ZfKbsWdgy8TLydllqPRL331BpFIQtQkFFjb9dyY/CkYkkLhrNhLLMYgxjDCbko1hGj96TzsjJ8mFijiMRouFZ+L+HtjCqG1kzBIJ0OgB7voZeJ/Xjeh4aU/lTpOCLXIDpFUOD9khZFpC8gH0iARZMmRS80FGCBCIzkIkYpJWksx7cNb/H6ZtKoVr1Y5v6uV69d5MwV2zE7YGfPYBauzW9ZgTSaYZE/smb04E+fVeXPef0ZXnHzniP2B8/ENIOSSVg==</latexit>

If n = �2

<latexit sha1_base64="E7wMnfqvU3zCgHAwm5Q/JITOVRM=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJhsiOgqBBiqChDBJ5SIkVnS+bcOR8tu7WSMHKP9BCRYdo+RsK/gXbuICEqUYzu9rZ8UIpDNr2p1VYWl5ZXSuulzY2t7Z3yrt7bRNEmkOLBzLQXY8ZkEJBCwVK6IYamO9J6HiTq9TvPIA2IlC3OA3B9dlYiZHgDBOpregFPakNyhW7amegi8TJSYXkaA7KX/1hwCMfFHLJjOk5dohuzDQKLmFW6kcGQsYnbAy9hCrmg3HjLO2MHkWGYUBD0FRImonweyNmvjFT30smfYZ3Zt5Lxf+8XoSjczcWKowQFE8PoZCQHTJci6QGoEOhAZGlyYEKRTnTDBG0oIzzRIySXkpJH87894ukXas69erpTb3SuMybKZIDckiOiUPOSINckyZpEU7uyRN5Ji/Wo/VqvVnvP6MFK9/ZJ39gfXwDjRaSjQ==</latexit>

f(ĤS) ⇠ ĤS

<latexit sha1_base64="mxITfLtxOHRIlpmdd58AJW39vEg=">AAACDXicbVDLTgJBEJzFF+IL9WS8TCQmeCG7BqNHoheOGOWRACG9QwMTZh+Z6TUhhPgJfoVXPXkzXv0GD/6Lu4iJgnWqrupOd5cbKmnItj+s1NLyyupaej2zsbm1vZPd3auZINICqyJQgW64YFBJH6skSWEj1Aieq7DuDq8Sv36H2sjAv6VRiG0P+r7sSQEUS53sQS/fGgDxcufmhLeM9PhP2cnm7II9BV8kzozk2AyVTvaz1Q1E5KFPQoExTccOqT0GTVIonGRakcEQxBD62IypDx6a9nj6woQfRwYo4CFqLhWfivh7YgyeMSPPjTs9oIGZ9xLxP68ZUe+iPZZ+GBH6IllEUuF0kRFaxtkg70qNRJBcjlz6XIAGItSSgxCxGMVhZeI8nPnvF0nttOAUC2fXxVzpcpZMmh2yI5ZnDjtnJVZmFVZlgt2zR/bEnq0H68V6td6+W1PWbGaf/YH1/gWcmpo0</latexit>

higher order

…
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Energy dependence

8

If no decoherence

If 

If 

If 

If 

If 

f(ĤS) ⇠ Ĥ
0
S

<latexit sha1_base64="LjgnIJf11eAQFr+lVV0oXmnQF48=">AAACD3icbVC7TgJREL3rE/GFWtLcSEywIbsGoyXRhhKjPBJAMnsZ4Ia7j9w7a0IIhZ/gV9hqZWds/QQL/8VdxETBU505ZyYzc9xQSUO2/WEtLa+srq2nNtKbW9s7u5m9/ZoJIi2wKgIV6IYLBpX0sUqSFDZCjeC5Cuvu8DLx63eojQz8GxqF2Pag78ueFECx1Mlke/nWAIiXO9fHvGWkx3/KW7uTydkFewq+SJwZybEZKp3MZ6sbiMhDn4QCY5qOHVJ7DJqkUDhJtyKDIYgh9LEZUx88NO3x9IkJP4oMUMBD1FwqPhXx98QYPGNGnht3ekADM+8l4n9eM6LeeXss/TAi9EWyiKTC6SIjtIzTQd6VGokguRy59LkADUSoJQchYjGK40rHeTjz3y+S2knBKRZOr4q50sUsmRTLskOWZw47YyVWZhVWZYLds0f2xJ6tB+vFerXevluXrNnMAfsD6/0L1Nua1g==</latexit>

f(ĤS) ⇠ Ĥ
1/2
S

<latexit sha1_base64="/Y6lRkQpTqmfG3kdfhVwZBxwmWI=">AAACE3icbVC7TsNAEDyHVwivACUFJyKk0AQbgaBE0KQEQQApDtH6sklOOT90t0ZCVko+ga+ghYoO0fIBFPwLjjESBKaandnV7o4XKWnItt+twsTk1PRMcbY0N7+wuFReXrkwYawFNkSoQn3lgUElA2yQJIVXkUbwPYWX3uB45F/eoDYyDM7pNsKWD71AdqUASqV2eb1bdftAvN4+2+KukT7/Lq8TZ3tn2C5X7Jqdgf8lTk4qLMdJu/zhdkIR+xiQUGBM07EjaiWgSQqFw5IbG4xADKCHzZQG4KNpJdkjQ74ZG6CQR6i5VDwT8edEAr4xt76XdvpAfTPujcT/vGZM3YNWIoMoJgzEaBFJhdkiI7RME0LekRqJYHQ5chlwARqIUEsOQqRinEZWSvNwxr//Sy52as5ube90t3J4lCdTZGtsg1WZw/bZIauzE9Zggt2xB/bInqx769l6sV6/WgtWPrPKfsF6+wSp8ZxY</latexit>

f(ĤS) ⇠ Ĥ
3/2
S

<latexit sha1_base64="aa3nt0E/wGv7BGwlWrcSuMjYB7Q=">AAACE3icbVC7TgJREL2LL8QXamnhjcREG9xFjJZEG0qMgiSAZPY6wA13H7l31oRsKP0Ev8JWKztj6wdY+C8uiImKpzpzzkxm5rihkoZs+91KzczOzS+kFzNLyyura9n1jZoJIi2wKgIV6LoLBpX0sUqSFNZDjeC5Cq/c/tnIv7pFbWTgX9IgxJYHXV92pABKpHZ2u7PX7AHxcvtinzeN9Ph3eR0fHhSG7WzOzttj8GniTEiOTVBpZz+aN4GIPPRJKDCm4dghtWLQJIXCYaYZGQxB9KGLjYT64KFpxeNHhnw3MkABD1FzqfhYxJ8TMXjGDDw36fSAeuavNxL/8xoRdU5asfTDiNAXo0UkFY4XGaFlkhDyG6mRCEaXI5c+F6CBCLXkIEQiRklkmSQP5+/306RWyDvF/NF5MVc6nSSTZltsh+0xhx2zEiuzCqsywe7YA3tkT9a99Wy9WK9frSlrMrPJfsF6+wStFZxa</latexit>

f(ĤS) ⇠ Ĥ
2
S

<latexit sha1_base64="Ky5yT+WNFNm/Dlw4xXiEt1Ksg94=">AAACEXicbVDLSsRAEJz4dn1FPYowuAh6WZJlRY+iF4+KrgqbGDpjrw5OHsx0BAl78hP8Cq968iZe/QIP/otJjOCrTtVV3XR3hamShhznzRoaHhkdG5+YbExNz8zO2fMLxybJtMCuSFSiT0MwqGSMXZKk8DTVCFGo8CS82i39k2vURibxEd2k6EdwEcu+FECFFNjL/TXvEojvBYfr3DMy4l/lWd4eBHbTaTkV+F/i1qTJauwH9rt3nogswpiEAmN6rpOSn4MmKRQOGl5mMAVxBRfYK2gMERo/r94Y8NXMACU8Rc2l4pWI3ydyiIy5icKiMwK6NL+9UvzP62XU3/JzGacZYSzKRSQVVouM0LLIB/m51EgE5eXIZcwFaCBCLTkIUYhZEVijyMP9/f1fctxuuZ3WxkGnub1TJzPBltgKW2Mu22TbbI/tsy4T7Jbdswf2aN1ZT9az9fLZOmTVM4vsB6zXD7cNm+Q=</latexit>

f(ĤS) ⇠ Ĥ
5/2
S

<latexit sha1_base64="CMLH8ZgshpETVaNdEHBC8FGXpyw=">AAACE3icbVC7TgJREL3rE/GFWlp4IzHBBncJREuijaVGURNAMnsZ5Ia7j9w7a0I2lH6CX2GrlZ2x9QMs/Bd3cU1UPNWZc2YyM8cNlTRk2+/W1PTM7Nx8biG/uLS8slpYW78wQaQFNkSgAn3lgkElfWyQJIVXoUbwXIWX7uAo9S9vURsZ+Oc0DLHtwY0ve1IAJVKnsNUrtfpA/LhztstbRnr8u7yOa3uVUadQtMv2GHySOBkpsgwnncJHqxuIyEOfhAJjmo4dUjsGTVIoHOVbkcEQxABusJlQHzw07Xj8yIjvRAYo4CFqLhUfi/hzIgbPmKHnJp0eUN/89VLxP68ZUe+gHUs/jAh9kS4iqXC8yAgtk4SQd6VGIkgvRy59LkADEWrJQYhEjJLI8kkezt/vJ8lFpexUy7XTarF+mCWTY5tsm5WYw/ZZnR2zE9Zggt2xB/bInqx769l6sV6/WqesbGaD/YL19gmwOZxc</latexit>

f(ĤS) ⇠ Ĥ
3
S

<latexit sha1_base64="0Vj+5g+5CGloktvpikPdINlSpKk=">AAACEXicbVDLTgJBEJzFF+Jr1aMxmUhM8EJ2FaNHoheOGAVMAEnv2MiE2Udmek3IhpOf4Fd41ZM349Uv8OC/uCAmitapuqo73V1epKQhx3m3MjOzc/ML2cXc0vLK6pq9vlE3YawF1kSoQn3pgUElA6yRJIWXkUbwPYUNr3868hu3qI0MgwsaRNj24SaQXSmAUqljb3cLrR4Qr3TO93jLSJ9/l1fJwbBj552iMwb/S9wJybMJqh37o3UditjHgIQCY5quE1E7AU1SKBzmWrHBCEQfbrCZ0gB8NO1k/MaQ78YGKOQRai4VH4v4cyIB35iB76WdPlDPTHsj8T+vGVP3uJ3IIIoJAzFaRFLheJERWqb5IL+WGolgdDlyGXABGohQSw5CpGKcBpZL83Cnv/9L6vtFt1Q8PCvlyyeTZLJsi+2wAnPZESuzCquyGhPsjj2wR/Zk3VvP1ov1+tWasSYzm+wXrLdPuJ2b5Q==</latexit>

n = �3

<latexit sha1_base64="bG7auNQeds40eAnKcBHV4qTqito=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJhsiGIGiQImgog0QeUmJF58smHDmfrbs1UrDyD7RQ0SFa/oaCf8E2LiBhqtHMrnZ2vFAKg7b9aRUWFpeWV4qrpbX1jc2t8vZOywSR5tDkgQx0x2MGpFDQRIESOqEG5nsS2t74KvXbD6CNCNQtTkJwfTZSYig4w0RqKXpBj0765YpdtTPQeeLkpEJyNPrlr94g4JEPCrlkxnQdO0Q3ZhoFlzAt9SIDIeNjNoJuQhXzwbhxlnZKDyLDMKAhaCokzUT4vREz35iJ7yWTPsM7M+ul4n9eN8LhuRsLFUYIiqeHUEjIDhmuRVID0IHQgMjS5ECFopxphghaUMZ5IkZJL6WkD2f2+3nSOq46terpTa1Sv8ybKZI9sk8OiUPOSJ1ckwZpEk7uyRN5Ji/Wo/VqvVnvP6MFK9/ZJX9gfXwDjqWSjg==</latexit>

n = �1

<latexit sha1_base64="ZJg1Lhx0fw80Nxx20sqWIsxFVOQ=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESHRENkoCBqkCBrKIJGHlFjR+bIJR85n626NFKL8Ay1UdIiWv6HgX3BMCkiYajSzq52dIFbSkut+OguLS8srq7m1/PrG5tZ2YWe3bqPECKyJSEWmGXCLSmqskSSFzdggDwOFjWBwNfEbD2isjPQtDWP0Q97XsicFp1Sqa3bBjr1OoeiW3AxsnnhTUoQpqp3CV7sbiSRETUJxa1ueG5M/4oakUDjOtxOLMRcD3sdWSjUP0fqjLO2YHSaWU8RiNEwqlon4e2PEQ2uHYZBOhpzu7Kw3Ef/zWgn1zv2R1HFCqMXkEEmF2SErjExrQNaVBon4JDkyqZnghhOhkYwLkYpJ2ks+7cOb/X6e1E9KXrl0elMuVi6nzeRgHw7gCDw4gwpcQxVqIOAenuAZXpxH59V5c95/Rhec6c4e/IHz8Q2Lh5KM</latexit>

n = 0

<latexit sha1_base64="0ml2jZhCss2RKH8GEUpfOVz1Th4=">AAAB93icbVA9SwNBEN2LXzF+RS1tFoNgFe4koo0QtLGMYD4gCWFuM4lL9vaO3TkhhPwGW63sxNafY+F/8e68QhNf9Xhvhnnz/EhJS6776RRWVtfWN4qbpa3tnd298v5By4axEdgUoQpNxweLSmpskiSFncggBL7Ctj+5Sf32IxorQ31P0wj7AYy1HEkBlEhNza+4OyhX3KqbgS8TLycVlqMxKH/1hqGIA9QkFFjb9dyI+jMwJIXCeakXW4xATGCM3YRqCND2Z1nYOT+JLVDIIzRcKp6J+HtjBoG108BPJgOgB7vopeJ/Xjem0WV/JnUUE2qRHiKpMDtkhZFJC8iH0iARpMmRS80FGCBCIzkIkYhxUksp6cNb/H6ZtM6qXq16fler1K/zZorsiB2zU+axC1Znt6zBmkwwyZ7YM3txps6r8+a8/4wWnHznkP2B8/ENHcaSVA==</latexit>

n = 1

<latexit sha1_base64="FzURlaiEoN4RHGjfBVlmPKtp0u8=">AAAB93icbVA9SwNBEN2LXzF+RS1tFoNgFe4koo0QtLGMYD4gCWFuM4lL9vaO3TkhhPwGW63sxNafY+F/8e68QhNf9Xhvhnnz/EhJS6776RRWVtfWN4qbpa3tnd298v5By4axEdgUoQpNxweLSmpskiSFncggBL7Ctj+5Sf32IxorQ31P0wj7AYy1HEkBlEhNza+4NyhX3KqbgS8TLycVlqMxKH/1hqGIA9QkFFjb9dyI+jMwJIXCeakXW4xATGCM3YRqCND2Z1nYOT+JLVDIIzRcKp6J+HtjBoG108BPJgOgB7vopeJ/Xjem0WV/JnUUE2qRHiKpMDtkhZFJC8iH0iARpMmRS80FGCBCIzkIkYhxUksp6cNb/H6ZtM6qXq16fler1K/zZorsiB2zU+axC1Znt6zBmkwwyZ7YM3txps6r8+a8/4wWnHznkP2B8/ENH1WSVQ==</latexit>

n = 2

<latexit sha1_base64="5Pofb6B7IAUj42DvvV594NILglE=">AAAB93icbVA9SwNBEN3zM8avqKXNYhCswl2IaCMEbSwjmA9IjjC3mcQle3vH7pwQQn6DrVZ2YuvPsfC/eBev0MRXPd6bYd68IFbSkut+Oiura+sbm4Wt4vbO7t5+6eCwZaPECGyKSEWmE4BFJTU2SZLCTmwQwkBhOxjfZH77EY2Vkb6nSYx+CCMth1IApVJT8yte7ZfKbsWdgy8TLydllqPRL331BpFIQtQkFFjb9dyY/CkYkkLhrNhLLMYgxjDCbko1hGj96TzsjJ8mFijiMRouFZ+L+HtjCqG1kzBIJ0OgB7voZeJ/Xjeh4aU/lTpOCLXIDpFUOD9khZFpC8gH0iARZMmRS80FGCBCIzkIkYpJWksx7cNb/H6ZtKoVr1Y5v6uV69d5MwV2zE7YGfPYBauzW9ZgTSaYZE/smb04E+fVeXPef0ZXnHzniP2B8/ENIOSSVg==</latexit>

If n = �2

<latexit sha1_base64="E7wMnfqvU3zCgHAwm5Q/JITOVRM=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJhsiOgqBBiqChDBJ5SIkVnS+bcOR8tu7WSMHKP9BCRYdo+RsK/gXbuICEqUYzu9rZ8UIpDNr2p1VYWl5ZXSuulzY2t7Z3yrt7bRNEmkOLBzLQXY8ZkEJBCwVK6IYamO9J6HiTq9TvPIA2IlC3OA3B9dlYiZHgDBOpregFPakNyhW7amegi8TJSYXkaA7KX/1hwCMfFHLJjOk5dohuzDQKLmFW6kcGQsYnbAy9hCrmg3HjLO2MHkWGYUBD0FRImonweyNmvjFT30smfYZ3Zt5Lxf+8XoSjczcWKowQFE8PoZCQHTJci6QGoEOhAZGlyYEKRTnTDBG0oIzzRIySXkpJH87894ukXas69erpTb3SuMybKZIDckiOiUPOSINckyZpEU7uyRN5Ji/Wo/VqvVnvP6MFK9/ZJ39gfXwDjRaSjQ==</latexit>

f(ĤS) ⇠ ĤS

<latexit sha1_base64="mxITfLtxOHRIlpmdd58AJW39vEg=">AAACDXicbVDLTgJBEJzFF+IL9WS8TCQmeCG7BqNHoheOGOWRACG9QwMTZh+Z6TUhhPgJfoVXPXkzXv0GD/6Lu4iJgnWqrupOd5cbKmnItj+s1NLyyupaej2zsbm1vZPd3auZINICqyJQgW64YFBJH6skSWEj1Aieq7DuDq8Sv36H2sjAv6VRiG0P+r7sSQEUS53sQS/fGgDxcufmhLeM9PhP2cnm7II9BV8kzozk2AyVTvaz1Q1E5KFPQoExTccOqT0GTVIonGRakcEQxBD62IypDx6a9nj6woQfRwYo4CFqLhWfivh7YgyeMSPPjTs9oIGZ9xLxP68ZUe+iPZZ+GBH6IllEUuF0kRFaxtkg70qNRJBcjlz6XIAGItSSgxCxGMVhZeI8nPnvF0nttOAUC2fXxVzpcpZMmh2yI5ZnDjtnJVZmFVZlgt2zR/bEnq0H68V6td6+W1PWbGaf/YH1/gWcmpo0</latexit>

higher order

…

different environments 
(if at all specified), 
different physics

Lorentz invariant model

Energy independent

Cross-section-like, 
quantum mechanics violation

String motivated model [Ellis, Lopez, Mavromatos, Nanopoulos, 
Winstanley, hep-ph/9505340, gr-qc/9602011]

Linearized gravity model, 
lightcone fluctuations [Studdard 2103.15313 [hep-ph]]

[Lisi, Marrone and Montanino hep-ph/0002053]

[D’Esposito, Gubitosi 2306.14778 [hep-ph]]

[Liu, Hu, and Ge, 1997]
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d

dt
⇢↵(t) = (hµfµ⌫↵ +D⌫↵) ⇢

⌫(t) := L⌫↵⇢
⌫(t)

<latexit sha1_base64="X16fY9d44wj5DzBLvZscjo4F9XM="></latexit>
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ansatz for the 
dissipator

In vectorized form

motivated e.g. by 
whether one expects 

only astrophysical 
neutrinos to have 

dissipation
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From the open quantum system perspective:

Microscopic 
models

Lindblad 
operator(s)

Dissipator

ÂS =
3X

i=1

ai�̂i

<latexit sha1_base64="bWQm5WaWT8sczRG1gTY+BU9hOtA="></latexit>

Dµ⌫ = �1

2

0

@
(a2)2 + (a3)2 �a1a2 �a1a3

�a1a2 (a1)2 + (a3)2 �a2a3
�a1a3 �a2a3 (a1)2 + (a2)2

1

A

<latexit sha1_base64="+DcaQchl72QuXLXqXCVTgR85N8o="></latexit>

SU(2)

Rationale:
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Dµ⌫ = diag(��,��, 0) two flavour case

Dµ⌫ = diag(0,��21,��21, 0,��31,��31,��32,��32, 0) three flavour case

<latexit sha1_base64="rw+F5TpbcYK7eaWPa76XYV6s5dQ="></latexit>

Energy conservation:

depend on the Lindblad 
operator(s)  and on ̂AS Γ

The dissipator is diagonal.

SU(2)
SU(3)

11
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Consider the ansatz Dµ⌫ = diag(��,��,��)

<latexit sha1_base64="UmDcnQlZrZTcSCyZ0LiEYTgYHTE=">AAACHXicbVDLSgNBEJz1bXxFPXoZDIKChl1R9CKIevCoYFTIhtA7tnHIzOwy0yPIkm/wE/wKr3ryJl7Fg//iJgZ81qWLqm66u5JMSUdh+BYMDA4Nj4yOjZcmJqemZ8qzc6cu9VZgTaQqtecJOFTSYI0kKTzPLIJOFJ4l7f2uf3aN1snUnNBNhg0NLSMvpQAqpGZ5hR8081j72PgO3+EXElrLa3ELtIbVryqu5EqzXAmrYQ/8L4n6pML6OGqW3+OLVHiNhoQC5+pRmFEjB0tSKOyUYu8wA9GGFtYLakCja+S9lzp8yTuglGdouVS8J+L3iRy0czc6KTo10JX77XXF/7y6p8vtRi5N5gmN6C4iqbC3yAkri6ywSMEiEXQvRy4NF2CBCK3kIEQh+iK8UpFH9Pv7v+R0vRptVDePNyq7e/1kxtgCW2TLLGJbbJcdsiNWY4Ldsnv2wB6Du+ApeA5ePlsHgv7MPPuB4PUDqOmgmg==</latexit>

[Oliveira 1603.08065 [hep-ph]]

Shape of the dissipator
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Comparing: it cannot be obtained with one Lindblad operator, we need at least 2

Consider the ansatz Dµ⌫ = diag(��,��,��)

<latexit sha1_base64="UmDcnQlZrZTcSCyZ0LiEYTgYHTE=">AAACHXicbVDLSgNBEJz1bXxFPXoZDIKChl1R9CKIevCoYFTIhtA7tnHIzOwy0yPIkm/wE/wKr3ryJl7Fg//iJgZ81qWLqm66u5JMSUdh+BYMDA4Nj4yOjZcmJqemZ8qzc6cu9VZgTaQqtecJOFTSYI0kKTzPLIJOFJ4l7f2uf3aN1snUnNBNhg0NLSMvpQAqpGZ5hR8081j72PgO3+EXElrLa3ELtIbVryqu5EqzXAmrYQ/8L4n6pML6OGqW3+OLVHiNhoQC5+pRmFEjB0tSKOyUYu8wA9GGFtYLakCja+S9lzp8yTuglGdouVS8J+L3iRy0czc6KTo10JX77XXF/7y6p8vtRi5N5gmN6C4iqbC3yAkri6ywSMEiEXQvRy4NF2CBCK3kIEQh+iK8UpFH9Pv7v+R0vRptVDePNyq7e/1kxtgCW2TLLGJbbJcdsiNWY4Ldsnv2wB6Du+ApeA5ePlsHgv7MPPuB4PUDqOmgmg==</latexit>
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Comparing: it cannot be obtained with one Lindblad operator, we need at least 2

Dµ⌫ = �1

2
diag(a2, a2, 2a2)

<latexit sha1_base64="bbwilREunb2dh1C7Gg+okHFBF28="></latexit>

E.g. 2 Lindblad 
operators

the entries are 
related

Consider the ansatz Dµ⌫ = diag(��,��,��)

<latexit sha1_base64="UmDcnQlZrZTcSCyZ0LiEYTgYHTE=">AAACHXicbVDLSgNBEJz1bXxFPXoZDIKChl1R9CKIevCoYFTIhtA7tnHIzOwy0yPIkm/wE/wKr3ryJl7Fg//iJgZ81qWLqm66u5JMSUdh+BYMDA4Nj4yOjZcmJqemZ8qzc6cu9VZgTaQqtecJOFTSYI0kKTzPLIJOFJ4l7f2uf3aN1snUnNBNhg0NLSMvpQAqpGZ5hR8081j72PgO3+EXElrLa3ELtIbVryqu5EqzXAmrYQ/8L4n6pML6OGqW3+OLVHiNhoQC5+pRmFEjB0tSKOyUYu8wA9GGFtYLakCja+S9lzp8yTuglGdouVS8J+L3iRy0czc6KTo10JX77XXF/7y6p8vtRi5N5gmN6C4iqbC3yAkri6ywSMEiEXQvRy4NF2CBCK3kIEQh+iK8UpFH9Pv7v+R0vRptVDePNyq7e/1kxtgCW2TLLGJbbJcdsiNWY4Ldsnv2wB6Du+ApeA5ePlsHgv7MPPuB4PUDqOmgmg==</latexit>

[Oliveira 1603.08065 [hep-ph]]

Shape of the dissipator
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<latexit sha1_base64="bbwilREunb2dh1C7Gg+okHFBF28="></latexit>

E.g. 2 Lindblad 
operators

the entries are 
related

Consider the ansatz Dµ⌫ = diag(��,��,��)

<latexit sha1_base64="UmDcnQlZrZTcSCyZ0LiEYTgYHTE=">AAACHXicbVDLSgNBEJz1bXxFPXoZDIKChl1R9CKIevCoYFTIhtA7tnHIzOwy0yPIkm/wE/wKr3ryJl7Fg//iJgZ81qWLqm66u5JMSUdh+BYMDA4Nj4yOjZcmJqemZ8qzc6cu9VZgTaQqtecJOFTSYI0kKTzPLIJOFJ4l7f2uf3aN1snUnNBNhg0NLSMvpQAqpGZ5hR8081j72PgO3+EXElrLa3ELtIbVryqu5EqzXAmrYQ/8L4n6pML6OGqW3+OLVHiNhoQC5+pRmFEjB0tSKOyUYu8wA9GGFtYLakCja+S9lzp8yTuglGdouVS8J+L3iRy0czc6KTo10JX77XXF/7y6p8vtRi5N5gmN6C4iqbC3yAkri6ywSMEiEXQvRy4NF2CBCK3kIEQh+iK8UpFH9Pv7v+R0vRptVDePNyq7e/1kxtgCW2TLLGJbbJcdsiNWY4Ldsnv2wB6Du+ApeA5ePlsHgv7MPPuB4PUDqOmgmg==</latexit>

[Oliveira 1603.08065 [hep-ph]]

Which is then the underlying system-environment physics?

Shape of the dissipator
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Take home message

The interaction environment-system determines the dissipator, 
energy dependence and shape of dissipator

Ĥ = ĤS + ĤE + Ĥint

<latexit sha1_base64="AimAr8ujFLH96w/osFtu9aLd5kE=">AAACNHicbVDLSgNBEJyNrxhfUY9eBoMgCGFXFL0IQRFyjGgSIQmhd9JJhsw+mOkVZNnf8RP8Cq8Kgp7Eq9/gJoagiXUqqrrprnJDJQ3Z9quVmZtfWFzKLudWVtfWN/KbWzUTRFpgVQQq0LcuGFTSxypJUngbagTPVVh3BxdDv36H2sjAv6H7EFse9HzZlQIoldr5EufNPlBcTvjZhLav+cGEx00Bil8mfyTtcelTkuO8nS/YRXsEPkucMSmwMSrt/HuzE4jIQ5+EAmMajh1SKwZNUihMcs3IYAhiAD1spNQHD00rHiVN+F5kgAIeouZS8ZGIvzdi8Iy599x00gPqm2lvKP7nNSLqnrZi6YcRoS+Gh0gqHB0yQsu0QuQdqZEIhp9jGp8L0ECEWnIQIhWjtNNc2ocznX6W1A6LzlHx+OqoUDofN5NlO2yX7TOHnbASK7MKqzLBHtgTe2Yv1qP1Zn1Ynz+jGWu8s83+wPr6BlMSqRA=</latexit>

Ŝ ⌦
NX

i=1

giÊi

<latexit sha1_base64="Sib18xMC39ifTfriNj120YUy/sQ=">AAACHXicbVC7SgRBEJz17fk6NTQZPARNjl1RNBFEEYxE0VPh9lx6x/ZsbvbBTK8gy32Dn+BXmGpkJqZi4L+4t17gq6KiqpvqrjDVZNl1352BwaHhkdGx8crE5NT0THV27tQmmVHYUIlOzHkIFjXF2GBijeepQYhCjWdhZ7fnn92gsZTEJ3ybYiuCdkxXpIALKaiu+NfA8lj6CVOEVvo2i4KctrzuxYFsByRLf08GFFRrbt0tIf8Sr09qoo/DoPrhXyYqizBmpcHapuem3MrBMCmN3YqfWUxBdaCNzYLGUOS38vKlrlzKLHAiUzSStCxF/L6RQ2TtbRQWkxHwtf3t9cT/vGbGV5utnOI0Y4xVL4hJYxlklaGiK5SXZJAZepejpFgqMMCMhiQoVYhZUV6l6MP7/f1fcrpa99bq60drte2dfjNjYkEsimXhiQ2xLfbFoWgIJe7Eg3gUT8698+y8OK9fowNOf2de/IDz9gkypaDr</latexit>
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giÊi

<latexit sha1_base64="Sib18xMC39ifTfriNj120YUy/sQ=">AAACHXicbVC7SgRBEJz17fk6NTQZPARNjl1RNBFEEYxE0VPh9lx6x/ZsbvbBTK8gy32Dn+BXmGpkJqZi4L+4t17gq6KiqpvqrjDVZNl1352BwaHhkdGx8crE5NT0THV27tQmmVHYUIlOzHkIFjXF2GBijeepQYhCjWdhZ7fnn92gsZTEJ3ybYiuCdkxXpIALKaiu+NfA8lj6CVOEVvo2i4KctrzuxYFsByRLf08GFFRrbt0tIf8Sr09qoo/DoPrhXyYqizBmpcHapuem3MrBMCmN3YqfWUxBdaCNzYLGUOS38vKlrlzKLHAiUzSStCxF/L6RQ2TtbRQWkxHwtf3t9cT/vGbGV5utnOI0Y4xVL4hJYxlklaGiK5SXZJAZepejpFgqMMCMhiQoVYhZUV6l6MP7/f1fcrpa99bq60drte2dfjNjYkEsimXhiQ2xLfbFoWgIJe7Eg3gUT8698+y8OK9fowNOf2de/IDz9gkypaDr</latexit>

both affect the Lindblad 
operators, hence the 

shape of the dissipator

* under the assumption that the master equation is of Lindblad form
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both affect the 
decoherence rate, hence 
the energy dependence

both affect the Lindblad 
operators, hence the 

shape of the dissipator

* under the assumption that the master equation is of Lindblad form
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Understanding the underlying physics is important to interpret the data.
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