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Atmospheric neutrino flux background to 
astrophysical neutrino flux

Charm production in the atmosphere is primary source of prompt neutrinos.



Energy dependence, schematically
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✏⇡ = 115 GeV
<latexit sha1_base64="vi7ZRV9uoEAA8ulE7zfLUFxe60A=">AAACBXicbZDNSsNAFIUn9a/Wv6hLXQwWwVVJqmI3QsGFLivYVmhCmUxv2qEzSZiZCCV048ZXceNCEbe+gzvfxmmbhbYeGPg4917u3BMknCntON9WYWl5ZXWtuF7a2Nza3rF391oqTiWFJo15LO8DooCzCJqaaQ73iQQiAg7tYHg1qbcfQCoWR3d6lIAvSD9iIaNEG6trH3qQKMYNegm7dN3zkoczTwp8Da1x1y47FWcqvAhuDmWUq9G1v7xeTFMBkaacKNVxnUT7GZGaUQ7jkpcqSAgdkj50DEZEgPKz6RVjfGycHg5jaV6k8dT9PZERodRIBKZTED1Q87WJ+V+tk+qw5mcsSlINEZ0tClOOdYwnkeAek0A1HxkgVDLzV0wHRBKqTXAlE4I7f/IitKoV97RSvT0r12t5HEV0gI7QCXLRBaqjG9RATUTRI3pGr+jNerJerHfrY9ZasPKZffRH1ucPo1OXVg==</latexit>

✏K = 850 GeV
<latexit sha1_base64="hhpnqwNjqC5CZQSe6Yxi65uZ0Jk=">AAACA3icbZDLSsNAFIYn9VbjLepON4NFcFWSqtiNUHCh4KaCvUATymR60g6dXJiZCCUU3Pgqblwo4taXcOfbOG2z0NYfBj7+cw5nzu8nnEll299GYWl5ZXWtuG5ubG5t71i7e00Zp4JCg8Y8Fm2fSOAsgoZiikM7EUBCn0PLH15N6q0HEJLF0b0aJeCFpB+xgFGitNW1DlxIJOMaby+r57bp4swVIb6G5rhrleyyPRVeBCeHEspV71pfbi+maQiRopxI2XHsRHkZEYpRDmPTTSUkhA5JHzoaIxKC9LLpDWN8rJ0eDmKhX6Tw1P09kZFQylHo686QqIGcr03M/2qdVAVVL2NRkiqI6GxRkHKsYjwJBPeYAKr4SAOhgum/YjogglClYzN1CM78yYvQrJSd03Ll7qxUq+ZxFNEhOkInyEEXqIZuUB01EEWP6Bm9ojfjyXgx3o2PWWvByGf20R8Znz/oYZZe</latexit>

✏D ⇠ 108 GeV
<latexit sha1_base64="UvyyvEOEWjd1uqLkzDVthU8C3/w=">AAACCHicbZDLSsNAFIYnXmu8RV26cLAIrkpSBbssKOiygr1AE8tketoOnUnCzEQooUs3voobF4q49RHc+TZO2yy09YeBj/+cw5nzhwlnSrvut7W0vLK6tl7YsDe3tnd2nb39hopTSaFOYx7LVkgUcBZBXTPNoZVIICLk0AyHl5N68wGkYnF0p0cJBIL0I9ZjlGhjdZwjHxLFuMErXzGBPfe+Yvs486XA19AYd5yiW3Knwovg5VBEuWod58vvxjQVEGnKiVJtz010kBGpGeUwtv1UQULokPShbTAiAlSQTQ8Z4xPjdHEvluZFGk/d3xMZEUqNRGg6BdEDNV+bmP/V2qnuVYKMRUmqIaKzRb2UYx3jSSq4yyRQzUcGCJXM/BXTAZGEapOdbULw5k9ehEa55J2VyrfnxWolj6OADtExOkUeukBVdINqqI4oekTP6BW9WU/Wi/Vufcxal6x85gD9kfX5A6e8mGs=</latexit>

approximate atm nu flux:

astrophysical

Pdecay(E) = 1� exp(�D/�c⌧)

' D/�c⌧ = Ec/E

extra power of energy:

�⌫ = C · E�↵(w⇡ + wK + wD)

w⇡ =
A⇡⌫

1 +B⇡⌫E cos ✓⇤/✏⇡
<latexit sha1_base64="AyJnv1C/zVVIERiQMt9/TbN3Bts="></latexit>



Cascade equations, Z-moment approximate 
solutions

d⇥j

dX
= �⇥j

�j
� ⇥j

�dec
j

+
X

S(k ! j)

S(k ! j) =

Z 1

E
dE0⇥k(E0, X)

�k(E0)

dn(k ! j;E0, E)

dE

S(k ! j) = Zkj(E)
⇥k(E,X)

�k(E)

Zkj(E) =

Z 1

E
dE0�k(E0, X)

�k(E,X)

�k(E)

�k(E0)

dn(k ! j;E0, E)

dE

Cascade equations:

Source terms and Z-moment approximations:

e.g., CR spectrum weighted 
differential cross sections
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<latexit sha1_base64="553IGqq5wHWuwiZNCnbWFO2DoX0="></latexit>
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<latexit sha1_base64="F/ObVdtCW5zzyr8c4IOxGO7MiQw="></latexit>

⇤M = �M/(1� ZMM )
<latexit sha1_base64="wSW3ozIm3RfLpWiDxBHBvVhFBko=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHqwppUwW6EghsXFirYBzYhTCbTduhkEmYmQgndufFX3LhQxK2/4M6/cdpmoa0HBg7nnMude/yYUaks69tYWFxaXlnNreXXNza3ts2d3aaMEoFJA0csEm0fScIoJw1FFSPtWBAU+oy0/MHV2G89ECFpxO/UMCZuiHqcdilGSkueeeDc6HCAvNqlwzJ2WrRP7r20Vhsde2bBKlkTwHliZ6QAMtQ988sJIpyEhCvMkJQd24qVmyKhKGZklHcSSWKEB6hHOppyFBLpppM7RvBIKwHsRkI/ruBE/T2RolDKYejrZIhUX856Y/E/r5OobsVNKY8TRTieLuomDKoIjkuBARUEKzbUBGFB9V8h7iOBsNLV5XUJ9uzJ86RZLtlnpfLteaFayerIgX1wCIrABhegCq5BHTQABo/gGbyCN+PJeDHejY9pdMHIZvbAHxifP78dl+k=</latexit>

ZpD
<latexit sha1_base64="XTlR62apPGBgRewHYxPcr2FsCOc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgj0W9OCxgv3AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcp35nSeqNJPi3kxj6kd4JFjICDZWaj8M0vhmNihX3Ko7B1olXk4qkKM5KH/1h5IkERWGcKx1z3Nj46dYGUY4nZX6iaYxJhM8oj1LBY6o9tP5tTN0ZpUhCqWyJQyaq78nUhxpPY0C2xlhM9bLXib+5/USE9b9lIk4MVSQxaIw4chIlL2OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0m7VvUuqrW7y0qjnsdRhBM4hXPw4AoacAtNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz+OUI8V</latexit>

p+Air ! cc̄X
<latexit sha1_base64="6CbWdqIwcoKqsQVH974DmatEupU=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiCEJJqmCXFTcuK9gHNKFMppN26EwSZiZCCXXjr7hxoYhb/8Kdf+O0zUJbDwwczrmXO+cECWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWilNJaJPEPJadACvKWUSbmmlOO4mkWASctoPRzdRvP1CpWBzd63FCfYEHEQsZwdpIPfsoOc88KdA1kxNPx4h4AZYZmXR6dtmpODOgZeLmpAw5Gj37y+vHJBU00oRjpbquk2g/w1Izwumk5KWKJpiM8IB2DY2woMrPZgkm6NQofRTG0rxIo5n6eyPDQqmxCMykwHqoFr2p+J/XTXVY8zMWJammEZkfClOOTNRpHajPJCWajw3BRDLzV0SGWGKiTWklU4K7GHmZtKoV96JSvbss12t5HUU4hhM4AxeuoA630IAmEHiEZ3iFN+vJerHerY/5aMHKdw7hD6zPHxxVlqU=</latexit>

prompt

conventional

N = CR nucleon
<latexit sha1_base64="80xAy3D8xVyVtD6+Ep27QKLIqLg=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclZkq2I1Q6MaVVLEP6Awlk2ba0DyGJCOUof6KGxeKuPVD3Pk3pu0stPXAhcM59yb3nihhVBvP+3bW1jc2t7YLO8Xdvf2DQ/fouK1lqjBpYcmk6kZIE0YFaRlqGOkmiiAeMdKJxo2Z33kkSlMpHswkISFHQ0FjipGxUt8t3V437gOYBYpDkWJGpJj23bJX8eaAq8TPSRnkaPbdr2AgccqJMJghrXu+l5gwQ8pQ++K0GKSaJAiP0ZD0LBWIEx1m8+Wn8MwqAxhLZUsYOFd/T2SIaz3hke3kyIz0sjcT//N6qYlrYUZFkhoi8OKjOGXQSDhLAg6oItiwiSUIK2p3hXiEFMLG5lW0IfjLJ6+SdrXiX1Sqd5flei2PowBOwCk4Bz64AnVwA5qgBTCYgGfwCt6cJ+fFeXc+Fq1rTj5TAn/gfP4A6OmURg==</latexit>



Ingredients for the prompt neutrino flux
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<latexit sha1_base64="553IGqq5wHWuwiZNCnbWFO2DoX0="></latexit>
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<latexit sha1_base64="F/ObVdtCW5zzyr8c4IOxGO7MiQw="></latexit>

• Cosmic ray flux: spectrum and composition. 
• Cosmic ray cross section with air for Λ!, weak 

energy dependence comes into Z-moment.
• Leading nucleon energy distribution for spectrum 

weighted Z-moment 𝑍!!.
• Charm production cross section and fragmentation.
• Charm hadron energy distributions for the CR 

spectrum weighted Z-moment.
• (Charm re-scattering distribution.)
• Charm hadron decay distribution.
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ZpD
<latexit sha1_base64="XTlR62apPGBgRewHYxPcr2FsCOc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgj0W9OCxgv3AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcp35nSeqNJPi3kxj6kd4JFjICDZWaj8M0vhmNihX3Ko7B1olXk4qkKM5KH/1h5IkERWGcKx1z3Nj46dYGUY4nZX6iaYxJhM8oj1LBY6o9tP5tTN0ZpUhCqWyJQyaq78nUhxpPY0C2xlhM9bLXib+5/USE9b9lIk4MVSQxaIw4chIlL2OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0m7VvUuqrW7y0qjnsdRhBM4hXPw4AoacAtNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz+OUI8V</latexit>

p+Air ! cc̄X
<latexit sha1_base64="6CbWdqIwcoKqsQVH974DmatEupU=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiCEJJqmCXFTcuK9gHNKFMppN26EwSZiZCCXXjr7hxoYhb/8Kdf+O0zUJbDwwczrmXO+cECWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWilNJaJPEPJadACvKWUSbmmlOO4mkWASctoPRzdRvP1CpWBzd63FCfYEHEQsZwdpIPfsoOc88KdA1kxNPx4h4AZYZmXR6dtmpODOgZeLmpAw5Gj37y+vHJBU00oRjpbquk2g/w1Izwumk5KWKJpiM8IB2DY2woMrPZgkm6NQofRTG0rxIo5n6eyPDQqmxCMykwHqoFr2p+J/XTXVY8zMWJammEZkfClOOTNRpHajPJCWajw3BRDLzV0SGWGKiTWklU4K7GHmZtKoV96JSvbss12t5HUU4hhM4AxeuoA630IAmEHiEZ3iFN+vJerHerY/5aMHKdw7hD6zPHxxVlqU=</latexit>

Example:

from

prompt

conventional

N = CR nucleon
<latexit sha1_base64="80xAy3D8xVyVtD6+Ep27QKLIqLg=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclZkq2I1Q6MaVVLEP6Awlk2ba0DyGJCOUof6KGxeKuPVD3Pk3pu0stPXAhcM59yb3nihhVBvP+3bW1jc2t7YLO8Xdvf2DQ/fouK1lqjBpYcmk6kZIE0YFaRlqGOkmiiAeMdKJxo2Z33kkSlMpHswkISFHQ0FjipGxUt8t3V437gOYBYpDkWJGpJj23bJX8eaAq8TPSRnkaPbdr2AgccqJMJghrXu+l5gwQ8pQ++K0GKSaJAiP0ZD0LBWIEx1m8+Wn8MwqAxhLZUsYOFd/T2SIaz3hke3kyIz0sjcT//N6qYlrYUZFkhoi8OKjOGXQSDhLAg6oItiwiSUIK2p3hXiEFMLG5lW0IfjLJ6+SdrXiX1Sqd5flei2PowBOwCk4Bz64AnVwA5qgBTCYgGfwCt6cJ+fFeXc+Fq1rTj5TAn/gfP4A6OmURg==</latexit>



LHCb

LHCb

106 GeV
<latexit sha1_base64="CPWzpZQBQYc6gp4T8ILRdjBv5a8=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSRXsseNBjBfsBTSyb7aRdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFyScKe0431ZhbX1jc6u4XdrZ3dsv2weHbRWnkkKLxjyW3YAo4ExASzPNoZtIIFHAoROMr2d+5xGkYrG415ME/IgMBQsZJdpIfbvsOg+XHs48GeEbaE/7dsWpOnPgVeLmpIJyNPv2lzeIaRqB0JQTpXquk2g/I1IzymFa8lIFCaFjMoSeoYJEoPxsfvgUnxplgMNYmhIaz9XfExmJlJpEgemMiB6pZW8m/uf1Uh3W/YyJJNUg6GJRmHKsYzxLAQ+YBKr5xBBCJTO3YjoiklBtsiqZENzll1dJu1Z1z6u1u4tKo57HUUTH6ASdIRddoQa6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz8GZJIB</latexit>

107 GeV
<latexit sha1_base64="pS8SOi4KHaH4CjlhxmdFo51ZS3k=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpShfZY8KDHCvYDmlg22027dDcJuxuhhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3BYto+OOypOJaFtEvNY9gKsKGcRbWumOe0lkmIRcNoNJtdzv/tIpWJxdK+nCfUFHkUsZARrIw3ssus81D2UeVKgG9qZDeyKU3UWQOvEzUkFcrQG9pc3jEkqaKQJx0r1XSfRfoalZoTTWclLFU0wmeAR7RsaYUGVny0On6FzowxRGEtTkUYL9fdEhoVSUxGYToH1WK16c/E/r5/qsOFnLEpSTSOyXBSmHOkYzVNAQyYp0XxqCCaSmVsRGWOJiTZZlUwI7urL66RTq7qX1drdVaXZyOMowimcwQW4UIcm3EIL2kAghWd4hTfryXqx3q2PZWvBymdO4A+szx8H85IC</latexit>

Fedynitch et al., PRD 100 (2019) 103018

p
s = 13.7 TeV

<latexit sha1_base64="OIsPKZ3uTXP2s+/W7ajTUcpAtDs=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCu1GKLhxWaEvaEKZTCft0JlJnJkIJcSNv+LGhSJu/Qt3/o3TNgttPXDhcM693HtPEDOqtON8W4W19Y3NreJ2aWd3b//APjzqqCiRmLRxxCLZC5AijArS1lQz0oslQTxgpBtMbmZ+94FIRSPR0tOY+ByNBA0pRtpIA/vEU/dSpyq7di8rNQ+mnuSwRTrZwC47FWcOuErcnJRBjubA/vKGEU44ERozpFTfdWLtp0hqihnJSl6iSIzwBI1I31CBOFF+Ov8gg+dGGcIwkqaEhnP190SKuFJTHphOjvRYLXsz8T+vn+iw7qdUxIkmAi8WhQmDOoKzOOCQSoI1mxqCsKTmVojHSCKsTWglE4K7/PIq6VQrJrzq3VW5Uc/jKIJTcAYugAtqoAFuQRO0AQaP4Bm8gjfryXqx3q2PRWvBymeOwR9Ynz8xHJYK</latexit>

p
s = 4.3 TeV

<latexit sha1_base64="Vp1pOplSHBYFm6ZWRFvWTrdJY+0=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokbcFuhIIblxX6giaUyXTSDp2ZxJmJUEI2/oobF4q49TPc+TdO2yy09cCFwzn3cu89Qcyo0o7zbRU2Nre2d4q7pb39g8Mj+/ikq6JEYtLBEYtkP0CKMCpIR1PNSD+WBPGAkV4wvZ37vUciFY1EW89i4nM0FjSkGGkjDe0zTz1Inarspl6peTD1JIdt0s2GdtmpOAvAdeLmpAxytIb2lzeKcMKJ0JghpQauE2s/RVJTzEhW8hJFYoSnaEwGhgrEifLTxQMZvDTKCIaRNCU0XKi/J1LElZrxwHRypCdq1ZuL/3mDRIcNP6UiTjQReLkoTBjUEZynAUdUEqzZzBCEJTW3QjxBEmFtMiuZENzVl9dJt1pxa5Xqfb3cbORxFME5uABXwAXXoAnuQAt0AAYZeAav4M16sl6sd+tj2Vqw8plT8AfW5w+2c5XM</latexit>

xE = ED/EN
<latexit sha1_base64="EaK9L6aHRhpnHIZVNNhJSdBXVCQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU02qYC9CQQuepIL9gDSEzXbbLt1kw+5ELKE/w4sHRbz6a7z5b9y2OWjrg4HHezPMzAtiwTXY9reVW1ldW9/Ibxa2tnd294r7By0tE0VZk0ohVScgmgkesSZwEKwTK0bCQLB2MLqe+u1HpjSX0QOMY+aFZBDxPqcEjOQ++fWrun9zVvfv/GLJLtsz4GXiZKSEMjT84le3J2kSsgioIF q7jh2DlxIFnAo2KXQTzWJCR2TAXEMjEjLtpbOTJ/jEKD3cl8pUBHim/p5ISaj1OAxMZ0hgqBe9qfif5ybQr3opj+IEWETni/qJwCDx9H/c44pREGNDCFXc3IrpkChCwaRUMCE4iy8vk1al7JyXK/cXpVo1iyOPjtAxOkUOukQ1dIsaqIkokugZvaI3C6wX6936mLfmrGzmEP2B9fkD0qKQRA==</latexit>

ZpD
<latexit sha1_base64="XTlR62apPGBgRewHYxPcr2FsCOc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgj0W9OCxgv3AdinZNNvGZpMlyQpl6X/w4kERr/4fb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcp35nSeqNJPi3kxj6kd4JFjICDZWaj8M0vhmNihX3Ko7B1olXk4qkKM5KH/1h5IkERWGcKx1z3Nj46dYGUY4nZX6iaYxJhM8oj1LBY6o9tP5tTN0ZpUhCqWyJQyaq78nUhxpPY0C2xlhM9bLXib+5/USE9b9lIk4MVSQxaIw4chIlL2OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0m7VvUuqrW7y0qjnsdRhBM4hXPw4AoacAtNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz+OUI8V</latexit>

xE(
p
s, pT ) ! y

<latexit sha1_base64="k3aX1NuaRODoPmP/TXU0d1e1Io4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJqmCXBRFcVugLmhAm00k7dDKJMxMxxC78FTcuFHHrb7jzb5y2WWj1wIXDOfdy7z1+zKhUlvVlFJaWV1bXiuuljc2t7R1zd68jo0Rg0sYRi0TPR5IwyklbUcVILxYEhT4jXX98OfW7d0RIGvGWSmPihmjIaUAxUlryzIN776riyFuhMjk5jb3WiaMimHpm2apaM8C/xM5JGeRoeuanM4hwEhKuMENS9m0rVm6GhKKYkUnJSSSJER6jIelrylFIpJvN7p/AY60MYBAJXVzBmfpzIkOhlGno684QqZFc9Kbif14/UUHdzSiPE0U4ni8KEgb1i9Mw4IAKghVLNUFYUH0rxCMkEFY6spIOwV58+S/p1Kr2WbV2c15u1PM4iuAQHIEKsMEFaIBr0ARtgMEDeAIv4NV4NJ6NN+N93low8pl98AvGxzdfmJWm</latexit>

Translate “lab”
to “CM” frame

dashed boxes: approx
LHCb ranges

Take home message – a wider range of 
rapidity measurements at the LHC would 
narrow prompt predictions.



Use LHCb data

Bhattacharya et al, JHEP 06 (2015) 110 (BERSS) 
and JHEP 11 (2016) 167

• Range of predictions depending on 
approaches: pQCD collinear approximation, 
kT factorization, dipole approximation.

• NLO QCD evaluation has a strong 
dependence on renormalization, 
factorization scales (seen in these figures).

• LHCb data cross-checks for forward rapidity.



Sample prediction of prompt atmospheric 
neutrino flux with NLO QCD evaluation

PROSA Collaboration, Zenaiev et al, JHEP 118 (2020) with scale, charm mass, 
PDF uncertainty (left), and range of input CR spectra & composition (right).

CR flux: broken power law CR flux: mix of inputs



IceCube upper bound on prompt atmospheric 
neutrino flux

As in IceCube, ApJ 833 (2016), updated

Enberg et al, PRD 78 (2008)
Bhattacharya et al, JHEP (2015) 110
Gauld et al, JHEP (2016) 130
Garzelli et al, JHEP (2015) 115

Notes:
• prompt flux from b-quarks ~ 10% of flux from c-

quarks
• prompt flux of tau neutrinos ~ 10% of prompt 

flux of muon neutrinos
• nuclear corrections potentially play a role –

small x parton distribution functions



High-energy, forward measurements of charm 
production are needed

Maximal BHPS model of intrinsic charm 
translates to an increase in the prompt 
neutrino flux prediction (factor of 1.5).

Giannini et al., PRD 98 (2018) 014012

Intrinsic charm

• Uncertainty band expands with introduction 
of intrinsic charm. 

• Measure forward charm, neutrino 
production:

pions, kaon, charm
• New opportunities with tau neutrino 

measurements Ds ! ⌧⌫⌧
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e.g., SHiP, FASER𝜈, Forward Physics Facilities
Alekhin et al., Rept. Prog. Phys. 79 (2016), Abreu et al., 
2001.03073, Buontempo et al. 1804.04412,Beni et al., 
1910.11340, Bai et al., JHEP 06 (2020) 032, Albrow, 
2006.11680 and others
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