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Neutrino scattering at multi-TeV and PeV energies 
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Figure 1: The principal idea of neutrino telescopes from the point of view of IceCube located at the South Pole.

Neutrinos dominantly interact with a nucleus in a transparent medium like water or ice and produce a muon that

is detected by the wake of Cherenkov photons it leaves inside the detector. The background of high-energy muons

(solid blue arrows) produced in the atmosphere can be reduced by placing the detector underground. The surviving

fraction of muons is further reduced by looking for upgoing muon tracks that originate from muon neutrinos (dashed

blue arrows) interacting close to the detector. This still leaves the contribution of muons generated by atmospheric

muon neutrino interactions. This contribution can be separated from the diffuse cosmic neutrino emission by an

analysis of the combined neutrino spectrum.

the TeV to EeV energies targeted by neutrino telescopes. They do however oscillate over cosmic

distances. For instance, for an initial neutrino flavor ratio of ⌫e : ⌫µ : ⌫⌧ ' 1 : 2 : 0 from the decay

of pions and muons, the oscillation-averaged composition arriving at the detector is approximately

an equal mix of electron, muon, and tau neutrino flavors, ⌫e : ⌫µ : ⌫⌧ ' 1 : 1 : 1 [17].

High-energy neutrinos interact predominantly with matter via deep inelastic scattering off

nucleons: the neutrino scatters off quarks in the target nucleus by the exchange of a Z or W weak

boson, referred to as neutral current (NC) and charged current (CC) interactions, respectively.

Whereas the NC interaction leaves the neutrino state intact, in a CC interaction a charged lepton

is produced that shares the initial neutrino flavor. The average relative energy fraction transferred

4
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Figure 2. Energy and sin(�) distributions for data and MC. Atmospheric muons appear preferentially in the downgoing
region, sin(�) < 0, and at energies below 100TeV. A clear excess of high energy events is attributed to astrophysical neutrinos.

in Section 5.3, assumes a flavor ratio of 1:1:1 with equal
contributions from ⌫ and ⌫̄, detected via a mixture of
CC and NC interactions.

The energy and declination distributions of cascade
events in data are compared with neutrino and atmo-
spheric muon MC in Figure 2. The distributions ob-
tained are similar to those observed in the two year sam-
ple (Aartsen et al. 2015a, 2017d).

4. SOURCE CANDIDATES

In this work, we search for neutrino emission from
a number of Galactic and extra-Galactic source candi-
dates. Each candidate has been studied previously by
IceCube, by ANTARES, a neutrino observatory located
deep in the Mediterranean sea (Ageron et al. 2011), or
by both, such that direct comparisons can be drawn
between the results presented here and past work using
IceCube tracks and all interaction flavors in ANTARES.
In this section, we outline the neutrino emission scenar-
ios that we have considered.

4.1. Point-like Source Candidates

One way to search for astrophysical neutrino sources
with only a minimal set of a priori assumptions about
source position is to search the entire sky for the most
significant point-like neutrino clustering in excess of
the background expectation on a dense grid of pixels
that are small compared to the neutrino angular reso-
lution. This approach has most recently been employed
by IceCube using tracks (Aartsen et al. 2017a) and cas-
cades (Aartsen et al. 2017d) as well as by ANTARES
using tracks and cascades in combination (Albert et al.

2017a), and we include it in the present analysis as well.
However, an all-sky scan is subject to a large trial factor
and thus is in general less sensitive compared to analyses
that use prior information to restrict the set of hypoth-
esis tests.

An alternative approach is to scan only the positions
of a modest number of well-motivated source candidates,
which substantially reduces the trial factor. In addition,
where multiple analyses report results for the same or
overlapping catalogs, direct comparisons can be made.
Here we scan the same catalog of 74 source candidates
that was studied in the previous IceCube cascade pa-
per (Aartsen et al. 2017d).

We consider one source in more detail: the supermas-
sive black hole at the center of the Galaxy, Sagitarius
A*. Based on hints from gamma-ray observations (e.g.
Herold & Malyshev 2019), there may be emission up
to some unknown high energy cuto↵ from a spatially
extended region centered approximately on this object.
Therefore we evaluate constraints on the flux from this
region as a function of possible spatial extension and for
several possible spectral cuto↵s.

The gamma-ray blazar TXS 0506+056 does not ap-
pear in the a priori catalog described above. In light of
this, and in anticipation of future identifications of unex-
pectedly promising source candidates based on neutrino
observations, we treat this object as a monitored source
to be studied separately from the catalog scan described
above.

For source classes for which we can predict approx-
imate relative signal strengths, it may be possible to
increase the signal-to-background ratio using a source-

Sources of multi-TeV and PeV neutrinos
IceCube, arXiv: 1907.06714 (cascade events)
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Heavy quark contributions

Charged Current Neutral Current

Disclaimer:  
Made plot 30min ago 



 15

Heavy quark mass effects
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Heavy quarks (top)

Charged Current Neutral Current
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Large gluon at low-x,   g → bb̄

W 2 � 4m2
t

<latexit sha1_base64="sdnWdE+P1tSiBg9x836PpkVaI7o=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwISWJBV0W3bisYB/QpGEynbRDZyZhZlIooX/ixoUibv0Td/6N0zYLbT1w4XDOvdx7T5QyqrTjfFuljc2t7Z3ybmVv/+DwyD4+aaskk5i0cMIS2Y2QIowK0tJUM9JNJUE8YqQTje/nfmdCpKKJeNLTlAQcDQWNKUbaSKFtd/oe9IcE1v0rHuq+F9pVp+YsANeJW5AqKNAM7S9/kOCME6ExQ0r1XCfVQY6kppiRWcXPFEkRHqMh6RkqECcqyBeXz+CFUQYwTqQpoeFC/T2RI67UlEemkyM9UqveXPzP62U6vg1yKtJME4GXi+KMQZ3AeQxwQCXBmk0NQVhScyvEIyQR1iasignBXX15nbS9mntd8x7r1cZdEUcZnIFzcAlccAMa4AE0QQtgMAHP4BW8Wbn1Yr1bH8vWklXMnII/sD5/AFOAkio=</latexit>



Dominated by collinear enhancement
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N(p)
<latexit sha1_base64="wSaXMLmIU64dhV15aVeAVXlt4J4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OJJKtgPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxmfueJKs0i+WimMfUFHkkWMoJNJt1X4/NBueLW3DnQKvFyUoEczUH5qz+MSCKoNIRjrXueGxs/xcowwums1E80jTGZ4BHtWSqxoNpP57fO0JlVhiiMlC1p0Fz9PZFiofVUBLZTYDPWy14m/uf1EhNe+ymTcWKoJItFYcKRiVD2OBoyRYnhU0swUczeisgYK0yMjadkQ/CWX14l7XrNu6jVHy4rjZs8jiKcwClUwYMraMAdNKEFBMbwDK/w5gjnxXl3PhatBSefOYY/cD5/ADzdjbU=</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

W�
<latexit sha1_base64="j+ODDqbIVyZhlaDtWxlJeJ+s+IU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMaB6QrGF20kmGzM4uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSQfzDhGP6QDyfucUWOl++bjWbdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR26oScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItO/SY8rZEaMLaFMcXsrYUOqKDM2nYINwVt8eZk0KmXvvFy5uyhVr7M48nAEx3AKHlxCFW6hBnVgMIBneIU3RzgvzrvzMW/NOdnMIfyB8/kD0xSNfg==</latexit>

`+
<latexit sha1_base64="2wsdHxLHPdv4rWXlaS8bTjoRyJQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMgCGE3CnqSgBePEcwDkjXMTjrJmNnZZWZWCEv+wYsHRbz6P978GyfJHjSxoKGo6qa7K4gF18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdDP1m0+oNI/kvRnH6Id0IHmfM2qs1OigEA9n3WLJLbszkGXiZaQEGWrd4lenF7EkRGmYoFq3PTc2fkqV4UzgpNBJNMaUjegA25ZKGqL209m1E3JilR7pR8qWNGSm/p5Iaaj1OAxsZ0jNUC96U/E/r52Y/pWfchknBiWbL+ongpiITF8nPa6QGTG2hDLF7a2EDamizNiACjYEb/HlZdKolL3zcuXuolS9zuLIwxEcwyl4cAlVuIUa1IHBIzzDK7w5kfPivDsf89ack80cwh84nz8qmY7Y</latexit>

`�
<latexit sha1_base64="9GgEGvsEP2WxR9FmtXmchQT/43E=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT1JwIvHCOYByRpmJ51kzOzsMjMrhCX/4MWDIl79H2/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupn6zSdUmkfy3oxj9EM6kLzPGTVWanRQiIezbrHklt0ZyDLxMlKCDLVu8avTi1gSojRMUK3bnhsbP6XKcCZwUugkGmPKRnSAbUslDVH76ezaCTmxSo/0I2VLGjJTf0+kNNR6HAa2M6RmqBe9qfif105M/8pPuYwTg5LNF/UTQUxEpq+THlfIjBhbQpni9lbChlRRZmxABRuCt/jyMmlUyt55uXJ3UapeZ3Hk4QiO4RQ8uIQq3EIN6sDgEZ7hFd6cyHlx3p2PeWvOyWYO4Q+czx8toY7a</latexit>

⌫̄`(k)
<latexit sha1_base64="MZMqoFThCpcI3+TdYGCizA5xhik=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZSkCrosunFZwT6gCWEyvW2HTiZhZiLUEPwVNy4Ucet/uPNvTNostPXAhcM593LvPX7EmdKW9W2UVlbX1jfKm5Wt7Z3dPXP/oKPCWFJo05CHsucTBZwJaGumOfQiCSTwOXT9yU3udx9AKhaKez2NwA3ISLAho0RnkmceOT6RiSPi1Esc4DytTc4qnlm16tYMeJnYBamiAi3P/HIGIY0DEJpyolTftiLtJkRqRjmkFSdWEBE6ISPoZ1SQAJSbzK5P8WmmDPAwlFkJjWfq74mEBEpNAz/rDIgeq0UvF//z+rEeXrkJE1GsQdD5omHMsQ5xHgUeMAlU82lGCJUsuxXTMZGE6iywPAR78eVl0mnU7fN64+6i2rwu4iijY3SCashGl6iJblELtRFFj+gZvaI348l4Md6Nj3lryShmDtEfGJ8/EcSU9Q==</latexit>

f̄
<latexit sha1_base64="JVZEcHfSdLhGJYt+oOFXr9WEzCo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fip0w+oysLZoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHujFxYZUjCWNmShizU3xMZjbSeRoHtjKgZ61VvLv7n9VIT3vgZl0lqULLlojAVxMRk/jsZcoXMiKkllClubyVsTBVlxiZUsiF4qy+vk3at6l1Vaw/1SuM2j6MIZ3AOl+DBNTTgHprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCJ7I+z</latexit>

f
<latexit sha1_base64="aj1VrWgqSrqkgqJ/bLgtsTmRK/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzD+M7g==</latexit>

quark
<latexit sha1_base64="/aMlbI2X3XId4Oqolkdj0PTX0ms=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgnlAsoTZyWwyZB7rzKwQlnyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4W19Y3NreJ2aWd3b/+gfHjUMirVhDaJ4kp3ImwoZ5I2LbOcdhJNsYg4bUfj25nffqLaMCUf7CShocBDyWJGsHVSN+tpgR5TrMfTfrniV/050CoJclKBHI1++as3UCQVVFrCsTHdwE9smGFtGeF0WuqlhiaYjPGQdh2VWFATZvOTp+jMKQMUK+1KWjRXf09kWBgzEZHrFNiOzLI3E//zuqmNr8OMySS1VJLFojjlyCo0+x8NmKbE8okjmGjmbkVkhDUm1qVUciEEyy+vklatGlxUa/eXlfpNHkcRTuAUziGAK6jDHTSgCQQUPMMrvHnWe/HevY9Fa8HLZ47hD7zPH3xZkV8=</latexit>

X
<latexit sha1_base64="rZr8FuC+T0aYw1hP3u9eQc5dMdU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanb65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV76Jaa15W6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AbXTjNw=</latexit>

Roughly suppressed (relative to CC/NC) by ↵2Q2
q
M2

W

�2
W

⇠ 4%
<latexit sha1_base64="5MMF2iiYpW4/+wnCfU7z3cN6mUw=">AAACGXicbZDLSgMxFIYzXmu9VV26CZaCqzJTC7qSggvdCC3YC3Ta4UyaaUOTmTHJCGXoa7jxVdy4UMSlrnwb08tCWw8kfPz/OSTn92POlLbtb2tldW19YzOzld3e2d3bzx0cNlSUSELrJOKRbPmgKGchrWumOW3FkoLwOW36w6uJ33ygUrEovNOjmHYE9EMWMALaSF7OdoHHA+iWcM27N7cbSCDprdfslsapew1CwJSxq5jAZbfg5fJ20Z4WXgZnDnk0r6qX+3R7EUkEDTXhoFTbsWPdSUFqRjgdZ91E0RjIEPq0bTAEQVUnnW42xgWj9HAQSXNCjafq74kUhFIj4ZtOAXqgFr2J+J/XTnRw0UlZGCeahmT2UJBwrCM8iQn3mKRE85EBIJKZv2IyAJONNmFmTQjO4srL0CgVnbNiqVbOVy7ncWTQMTpBp8hB56iCblAV1RFBj+gZvaI368l6sd6tj1nrijWfOUJ/yvr6AQXdnwg=</latexit>

Just fully factorise the QED contributions into PDFs!

Neutrino-nucleon resonant contributions

Z
dx f`(x, µ

2
F ) d�̂`⌫̄!ff̄ 0(ŝ, cos ✓⌫f , µ

2
F )

<latexit sha1_base64="UiD/FQg/amrjt5hOOmU1fHhOqvk="></latexit>



‣ NNPDF3.1luxQED set as input at Q0 = 1.64 GeV  

‣ Generate lepton PDFs according to ansatz:
 
 

‣ Mass corrections via FONLL (NLO for CC)  

‣ Compute predictions NNLO QCD LO QED  

‣ Nuclear corrections (e.g. H2O nucleon)  

⊗
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`±(x,Q0) =
↵

4⇡
ln


Q2

0

m2
`

� Z 1

x

dy

y
P (0)
�`

✓
x

y

◆
�(y,Q0)

<latexit sha1_base64="Dqrgb1NoHbyf5J0EWZMIJhm6M7s="></latexit>

Bertone et al.  arXiv:1712.07053 

Bertone et al.  arXiv:1508.07002,  arXiv: 1310.1394

Gauld, arXiv: 1905.03792, and APFEL - Bertone et al. arXiv: 1310.1394

FH2O =
1

2 +A

�
2F p + ZF p,A +NFn,A

�
<latexit sha1_base64="Xqn4wHpxGc/9d3rAKNNDOAxm8/8="></latexit>

Eksola et al.  arXiv:1612.05741

Theoretical set-up

R⌫A(E⌫) =

✓
�EPPS16
⌫A (E⌫)

�free
⌫I (E⌫)

◆

<latexit sha1_base64="47N4OrU3HIXnpicbaUzqVlG3JXo="></latexit>
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Results

⌫̄e +N ! X
<latexit sha1_base64="9kBhSWtlU1S/sSXwdaWKkxH4YjY=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCIJSkCnqSghdPUsF+QBPCZrtpl242YXcjlFDwr3jxoIhXf4c3/43bNgdtfTDweG+GmXlhypnSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZkktEkSnshOiBXlTNCmZprTTiopjkNO2+HwZuK3H6lULBEPepRSP8Z9wSJGsDZSYB96IZa5J7JxQNEZukOeTlAnsCtO1ZkCLRK3IBUo0AjsL6+XkCymQhOOleq6Tqr9HEvNCKfjspcpmmIyxH3aNVTgmCo/n54/RidG6aEokaaERlP190SOY6VGcWg6Y6wHat6biP953UxHV37ORJppKshsUZRxZF6cZIF6TFKi+cgQTCQztyIywBITbRIrmxDc+ZcXSatWdc+rtfuLSv26iKMER3AMp+DCJdThFhrQBAI5PMMrvFlP1ov1bn3MWpesYuYA/sD6/AGgzJSZ</latexit>

Gauld, arXiv: 1905.03792
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⌫̄e +N ! X
<latexit sha1_base64="9kBhSWtlU1S/sSXwdaWKkxH4YjY=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCIJSkCnqSghdPUsF+QBPCZrtpl242YXcjlFDwr3jxoIhXf4c3/43bNgdtfTDweG+GmXlhypnSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZkktEkSnshOiBXlTNCmZprTTiopjkNO2+HwZuK3H6lULBEPepRSP8Z9wSJGsDZSYB96IZa5J7JxQNEZukOeTlAnsCtO1ZkCLRK3IBUo0AjsL6+XkCymQhOOleq6Tqr9HEvNCKfjspcpmmIyxH3aNVTgmCo/n54/RidG6aEokaaERlP190SOY6VGcWg6Y6wHat6biP953UxHV37ORJppKshsUZRxZF6cZIF6TFKi+cgQTCQztyIywBITbRIrmxDc+ZcXSatWdc+rtfuLSv26iKMER3AMp+DCJdThFhrQBAI5PMMrvFlP1ov1bn3MWpesYuYA/sD6/AGgzJSZ</latexit>

Gauld, arXiv: 1905.03792
Blue - includes small-x res.  arXiv: 1808.02034

Results
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⌫̄e +H2O ! X
<latexit sha1_base64="rJIQEyph2cHWpi0AFiI/H8//mhs=">AAACCXicbVDLSgMxFM3UV62vUZdugkUQhDJTBV1JwU13VrAP6AxDJs20oUlmSDJCGWbrxl9x40IRt/6BO//GtJ2Fth4IHM65l5tzwoRRpR3n2yqtrK6tb5Q3K1vbO7t79v5BR8WpxKSNYxbLXogUYVSQtqaakV4iCeIhI91wfDP1uw9EKhqLez1JiM/RUNCIYqSNFNjQC5HMPJHmAYFnMPMkh80gq+e3OfR0DHuBXXVqzgxwmbgFqYICrcD+8gYxTjkRGjOkVN91Eu1nSGqKGckrXqpIgvAYDUnfUIE4UX42S5LDE6MMYBRL84SGM/X3Roa4UhMemkmO9EgtelPxP6+f6ujKz6hIUk0Enh+KUgZNxGktcEAlwZpNDEFYUvNXiEdIIqxNeRVTgrsYeZl06jX3vFa/u6g2ros6yuAIHINT4IJL0ABN0AJtgMEjeAav4M16sl6sd+tjPlqyip1D8AfW5w/qm5ks</latexit>

Gauld, arXiv: 1905.03792

~ IceCube HESE  
(for comparison) 

Bustamante et al., arXiv: 1711.11043

Results
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Neutrino scattering on electron target: why?

PeV neutrinos dominated by Glashow-type contributions

N = T · d⌦
Z

Ai,Detector
e↵ (E⌫) · �⌫i (E⌫) · �Detector

⌫ (E⌫) dE⌫
<latexit sha1_base64="bSWAcAab3p9Qr4Npm5KLsCLAnW4="></latexit>

Neutrino fluxEffective volumeTime cross-section

Direct measurement of the astrophysical flux: �Earth
⌫̄e

<latexit sha1_base64="ol5H+MZKo3vLyoRSxbsRnWQwmRI=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsxUQZdFEVxWsA/ojEMmzbShSWZIMkIZZufGX3HjQhG3/oI7/8a0nYW2HrhwOOfe5N4TJowq7TjfVmlpeWV1rbxe2djc2t6xd/faKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YSjq4nfeSBS0Vjc6XFCfI4GgkYUI22kwD70mkMaZF6IZOaJNA9Ifp95ksNrJPUwD+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoPzOPUcxIXvFSRRKER2hAeoYKxInys+kdOTw2Sh9GsTQlNJyqvycyxJUa89B0cqSHat6biP95vVRHF35GRZJqIvDsoyhlUMdwEgrsU0mwZmNDEJbU7ArxEEmEtYmuYkJw509eJO16zT2t1W/Pqo3LIo4yOABH4AS44Bw0wA1oghbA4BE8g1fwZj1ZL9a79TFrLVnFzD74A+vzB8LfmeA=</latexit>

1

ν̄e

e−

f̄

f ′

W−

1

Use to interpret sources of astrophysical neutrinos (CRs)



 23

Neutrino scattering on electron target: theory
Preformed differential 2to2 calculation at NLO+ISR LL

‣ All fermion final states (electrons, quarks, leptons)  

‣ Complex Mass Scheme (resonant production)  

‣ Includes ISR LL corrections + soft exponentiation  

‣ Analytic computation in terms of complex 1-loop scalars

‣ Results obtained numerically with CUBA (Vegas)

‣ Dipole subtraction for QCD+QED

‣ All of this implemented in (f90) Glashow generator

Gauld, arXiv: 1905.03792

Denner at al.  hep-ph/0505042

YFS Annals Phys. 13, 379 (1961). Beenakker et al. hep-ph/9602351

Hahn, hep-ph/0404043

Catani, Seymour hep-ph/9605323, Dittmaier hep-ph/9904440

Gauld, arXiv: 1905.03792

OneLOop, Van Hameren et al. arXiv 0903.4665, 1007.4716
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Neutrino scattering on electron target: theory
Preformed differential 2to2 calculation at NLO+ISR LL
Gauld, arXiv: 1905.03792

e.g. Quark boxes e.g. Electron self energies..
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Neutrino scattering on electron target: results

Uncertainties
~ 10% correction at NLO (1% uncertainty)



A Multi-PeV Uncontained Cascade

5

Event Vertex

Saturated PMT‘s

The event vertex is outside the detector
and the PMTs closest to the vertex are
saturated.

⇒ Challenging Reconstruction

Best reconstruction achieved by DirectFit:
ABC (Approximate Bayesian Computing) 
method using event resimulations.

Time

Early Late
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Neutrino scattering on electron target: data

Glashow event observed! 
IceCube (hadronic chan.)  

 
 
Christian Haack 
EPS HEP 2019

Erec. = 6.04+0.63
�0.61 PeV

<latexit sha1_base64="YcTKhbese2vNBgWfuU1WvyNCQjc=">AAACFnicbVBLSwMxGMzWV62vVY9egkUQpMtuW6oXoSiCxwr2Ae26ZNO0Dc0+SLJCWdY/4cW/4sWDIl7Fm//GbLsHbR0IGWbmI/nGDRkV0jS/tdzS8srqWn69sLG5tb2j7+61RBBxTJo4YAHvuEgQRn3SlFQy0gk5QZ7LSNsdX6Z++55wQQP/Vk5CYnto6NMBxUgqydFLV07c4x7kBBsJPIc1w6zexSemUaskTlxSt5XANPHQIK3E0YumYU4BF4mVkSLI0HD0r14/wJFHfIkZEqJrmaG0Y8QlxYwkhV4kSIjwGA1JV1EfeUTY8XStBB4ppQ8HAVfHl3Cq/p6IkSfExHNV0kNyJOa9VPzP60ZycGbH1A8jSXw8e2gQMSgDmHYE+1TVIdlEEYQ5VX+FeIQ4wlI1WVAlWPMrL5JW2bAqRvmmWqxfZHXkwQE4BMfAAqegDq5BAzQBBo/gGbyCN+1Je9HetY9ZNKdlM/vgD7TPH4yynII=</latexit>

IceCube-Gen2: ~30 events with 10 years of data 
 
KM3NeT: ~6 events with 15years of data
KM3NeT: pos.sissa.it/358/955

Biehl et al. arXiv: 1611.07983

https://indico.cern.ch/event/577856/contributions/3422129/

http://pos.sissa.it/358/955
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Neutrino scattering on electron target: data

Testing neutrino generation scenarios (UHE cosmic rays)
Will be meaningful in ~2030 or so

7

FIG. 1: Expected number of Glashow events in the ideal pp and p� scenarios as a function of the exposure for ↵ = 2.0. The bands

represents the 90% C.L. interval from the statistical (Poissonian) uncertainty and the model uncertainties on the oscillation

parameters, assuming a true pp and p� scenario in the left and right panel, respectively. The vertical lines indicate when the

other scenario can be excluded.

muon decays alleviates the problem somewhat. At the
end, the di↵erence compared to the reference pp case is
up to 16% (↵ = 2), 22% (↵ = 2.3), and 30% (↵ = 2.6).
We discuss this issue in detail in Appendix A. Note that
in the following, we will only show the pp curve includ-
ing the Monte Carlo simulation, where the result hardly
depends on which of the three Monte Carlo event rate
generator is used. For a discussion of the e↵ect of kaons,
which is however small, see Appendix B.

Photohadronic interactions do not only include the �-
resonance in Eq. (1), but also direct (t-channel) pion
production, higher resonances, and high-energy multi-
pion processes [53] – especially the latter lead to almost
⇡�/⇡+ ' 1; see e.g. Refs. [34, 54] for an illustration of the
individual contributions. Since these processes lead to ⇡�

production as well, an intrinsic contamination with ⇡� is
expected. This contamination depends on the target pho-
ton spectrum, and can lead to a ⌫̄e/⌫e ratio at the source
of about 25%-50% (AGNs/GRBs) to 100% (10 eV ther-
mal target photon spectrum); see Fig. 10 in Ref. [34].2

As an additional complication, since the pion spectrum
depends on the photon spectrum and is, in general, not
a simple power law, the pion and muon decays have in
this case been computed numerically taking into account
the re-distribution functions of the secondaries [55].

Here we pick two representative examples in the mid-
dle of extremes. In Ref. [16], the target photons are as-
sumed to be generated by the synchrotron radiation of

2 Note that the ⌫̄e alone are not su�cient to describe the impact on
the Glashow resonance, as ⌫̄µ may mix into ⌫̄e - as we discussed
earlier.

co-accelerated electrons, which is a typical assumption
for AGNs. This model has been fit to IceCube data in
Ref. [56], where it has been demonstrated that the indi-
cation for a cuto↵ at PeV energies can be interpreted in
terms of a limited maximal proton energy or strong mag-
netic field e↵ects. We pick one benchmark point (TP8,
size of acceleration region R ' 1019 km, B ' 10�6 G)
from that scenario with a su�ciently large proton energy
to allow for Glashow resonant events, which at the same
time implies that photohadronic contaminations cannot
be avoided because of the high available center-of-mass
energies. The parameters for this benchmark correspond
to the scale of galaxy clusters, and the predicted flavor
composition (⇠⌫e : ⇠⌫µ : ⇠⌫⌧ : ⇠⌫̄e : ⇠⌫̄µ : ⇠⌫̄⌧ ) at the source
that is equal to (0.27 : 0.32 : 0 : 0.09 : 0.32 : 0). As
an alternative, we present a GRB example [17, 57] repre-
sentative for sources with stronger magnetic fields. Here
the parameters have been chosen not to be in the muon
damped regime at the Glashow resonance3 – a case which
we discuss below; the flavor composition at the source is
(0.27 : 0.31 : 0 : 0.09 : 0.33 : 0).

In Fig. 2 we show a comparison among the Monte
Carlo results and the ideal p� case. The two p� ex-
amples are, in spite of very di↵erent astrophysical envi-

3 The parameters are L� = 1051 erg s�1, variability timescale tv =
0.1 s, Lorentz factor � = 300, redshift z = 2, and a broken power
law photon spectrum with photon break "b = 1 keV in the shock
rest frame, first spectral index ↵ = �1 and second spectral index
� = �2. A smaller value for tv would lead to spectral cooling
breaks dominated by adiabatic losses, and to muon cooling at
the Glashow resonance; see Fig. 5.

Biehl et al. arXiv: 1611.07983
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Conclusions
Theoretically in good shape 

 
Limiting factor: nuclear corrections for bound nuclei
‣ Can use LHC data on p-Pb (extrapolate in A?)  

‣ Oxygen data also desirable here…

‣ Also the case for neutrinos propagating Earth (A~30)  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(f) EPPS16 nPDF

FIG. 1: Selected RpPb results before and after reweighting for (a) prompt D0, (b) prompt J/ , (c) B! J/ , (d) ⌥(1S ) as well as
the final reweighted nPDF uncertainties (e) nCTEQ15 and (f) EPPS16 with constraints from both RpPb vs PT,H and yc.m.s.,H
data. The shown experimental data are from Refs. [88, 92, 93, 98, 99]. The error bands due to nPDF uncertainty are given at

68% C.L.

ferent observables like DIS and Drell-Yan processes, and yet
they allow us to reproduce the most important feature of the
data [54] which makes our reweighting analysis meaningful.
We see this as a confirmation of the LT factorization (see also
Refs. [100–103]).

As for the reweighting results (gray-blue hatched bands in
Figs. [1a–1d]), if we could simply fix the scale to a single

value for each particle, the LHC RpPb data for prompt D0 and
J/ would reduce the uncertainties of the gluon density by a
factor 3 for EPPS16 and 2 for nCTEQ15 down to x ' 7⇥10�6

[compare the gray-blue and red hatched bands in Figs. 1a and
1d). The current B ! J/ and ⌥(1S ) data do not constrain
the gluon nPDFs due to their large uncertainties and relatively
large scales. Yet, the larger samples collected at 8 TeV should

Kusina et al. arXiv: 1712.07024

nCTEQ15 EPPS16
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Additional plots
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Additional plots
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Some other comparisons
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Some other comparisons
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Coupled DGLAP (QCD QED)

and:

⌃u = u
+ + c

+ + t
+
, Vu = u

� + c
� + t

�
,

⌃d = d
+ + s

+ + b
+
, Vd = d

� + s
� + b

�
,

⌃` = l
+
e + l

+
µ + l

+
⌧ , V` = l

�
e + l

�
µ + l

�
⌧ .

(A.3)

When considering LO QED corrections to the DGLAP equations, the evolution equa-

tions in the basis given in Eq. (A.1) decouple into di↵erent sectors that evolve independently

as shown below. It should also be noticed that considering only LO QED corrections al-

lows one to completely separate QCD and QED corrections. Indeed, defining eP the QCD

splitting functions (up to any of the known orders in ↵s [35–39]) and P̄ = (↵/4⇡)P (0) the

LO QED splitting functions, with P
(0) given in Eq. (2.3), we have:

• the singlet sector:
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• the quark valence sector:
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• the lepton valence sector:

µ
2 @V`

@µ2
= P̄qq ⌦ V` , (A.6)
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Figure 3: Same as Fig. 1 for the configurations C2 (top) and C4 (bottom).

Figure 4: Electron (left) and muon (right) PDFs at Q = 100 GeV for the configurations

A1, B2 and C2, displayed as ratios to C2.

uncertainty band of both configurations B2 and C2. The reason for this can be traced

back to the fact the the photon PDF of the NNPDF2.3QED sets at the initial scale is

compatible with zero and, due to the enforcement of positivity, the lower limit of the 68%

CL band essentially concides with �(x,Q0) = 0.

Interesting information about the photon and lepton content of the proton is provided

– 9 –
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Lepton vs photon

Bertone et al.  arXiv:1508.07002
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Glashow’s example with modern inputs:
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Sources of multi-TeV and PeV neutrinos

cosmic
neutrino

atmospheric
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atmospheric
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Cherenkov light detection
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Figure 1: The principal idea of neutrino telescopes from the point of view of IceCube located at the South Pole.

Neutrinos dominantly interact with a nucleus in a transparent medium like water or ice and produce a muon that

is detected by the wake of Cherenkov photons it leaves inside the detector. The background of high-energy muons

(solid blue arrows) produced in the atmosphere can be reduced by placing the detector underground. The surviving

fraction of muons is further reduced by looking for upgoing muon tracks that originate from muon neutrinos (dashed

blue arrows) interacting close to the detector. This still leaves the contribution of muons generated by atmospheric

muon neutrino interactions. This contribution can be separated from the diffuse cosmic neutrino emission by an

analysis of the combined neutrino spectrum.

the TeV to EeV energies targeted by neutrino telescopes. They do however oscillate over cosmic

distances. For instance, for an initial neutrino flavor ratio of ⌫e : ⌫µ : ⌫⌧ ' 1 : 2 : 0 from the decay

of pions and muons, the oscillation-averaged composition arriving at the detector is approximately

an equal mix of electron, muon, and tau neutrino flavors, ⌫e : ⌫µ : ⌫⌧ ' 1 : 1 : 1 [17].

High-energy neutrinos interact predominantly with matter via deep inelastic scattering off

nucleons: the neutrino scatters off quarks in the target nucleus by the exchange of a Z or W weak

boson, referred to as neutral current (NC) and charged current (CC) interactions, respectively.

Whereas the NC interaction leaves the neutrino state intact, in a CC interaction a charged lepton

is produced that shares the initial neutrino flavor. The average relative energy fraction transferred

4

Atmospheric: cosmic rays collide hit Earth's atmosphere 
Astrophysical: neutrinos produced at cosmic-rays source

H2O atoms!


