
Status on 
MadGraph5_aMC@NLO

Olivier Mattelaer
on behalf of the team



Mattelaer Olivier MCNet Meeting, CERN, 04/18  2

Plan

• Electroweak NLO

• Dark Matter -> Maddm 

• Beam Dump Experiment -> MadDump

main message
• Moving forward on many direction

• capabilities  of the code

Development status



Mattelaer Olivier MCNet Meeting, CERN, 04/18  3

Plan

• Electroweak NLO

• Dark Matter -> Maddm 

• Beam Experiment -> MadDump

Development status

Prepared for submission to JHEP

CP3-17-XX
TUM-HEP-XX/17

April 10, 2018

The automation of next-to-leading order electroweak

calculations

R. Frederix,
a

S. Frixione,
b

V. Hirschi,
c

D. Pagani,
a

H.-S. Shao,
d

M. Zaro
e

aPhysik Department T31, Technische Universität München, James-Franck-Str. 1,
D-85748 Garching, Germany

bINFN, Sezione di Genova, Via Dodecaneso 33, I-16146, Genoa, Italy
cInstitute for Theoretical Physics, ETH Zürich, 8093 Zürich, Switzerland
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Abstract: We present the key features relevant to the automated computation of all
the leading- and next-to-leading order contributions to the short-distance cross sections
in a mixed-coupling expansion, with special emphasis on the first subleading NLO term
in the QCD+EW scenario, commonly referred to as NLO EW corrections. We discuss, in
particular, the FKS subtraction in the context of a mixed-coupling expansion; the extension
of the FKS subtraction to processes that include final-state tagged particles, defined by
means of fragmentation functions; and some properties of the complex mass scheme. We
combine the present paper with the release of a new version of MadGraph5 aMC@NLO,
which thus becomes the first public one capable of dealing with mixed-coupling expansions.
We use the code to obtain illustrative inclusive and di↵erential results for the 13-TeV LHC.
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Electroweak NLO
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Diagrams made by MadGraph5_aMC@NLO
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LO3
<latexit sha1_base64="tvnGseexKPYkLMcgyAf/9QZtXBM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRiwfBCqYttKFstpt26e4m7G6EEvobvHhQxKs/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/oKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdjm9yv/1ElWaxfDSThAYCDyWLGMHGSv7dff+80q/W3Lo7A1omXkFqUKDZr371BjFJBZWGcKx113MTE2RYGUY4nVZ6qaYJJmM8pF1LJRZUB9ns2Ck6scoARbGyJQ2aqb8nMiy0nojQdgpsRnrRy8X/vG5qoqsgYzJJDZVkvihKOTIxyj9HA6YoMXxiCSaK2VsRGWGFibH55CF4iy8vk9ZZ3XPr3sNFrXFdxFGGIziGU/DgEhpwC03wgQCDZ3iFN0c6L8678zFvLTnFzCH8gfP5A559jeM=</latexit><latexit sha1_base64="tvnGseexKPYkLMcgyAf/9QZtXBM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRiwfBCqYttKFstpt26e4m7G6EEvobvHhQxKs/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/oKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdjm9yv/1ElWaxfDSThAYCDyWLGMHGSv7dff+80q/W3Lo7A1omXkFqUKDZr371BjFJBZWGcKx113MTE2RYGUY4nVZ6qaYJJmM8pF1LJRZUB9ns2Ck6scoARbGyJQ2aqb8nMiy0nojQdgpsRnrRy8X/vG5qoqsgYzJJDZVkvihKOTIxyj9HA6YoMXxiCSaK2VsRGWGFibH55CF4iy8vk9ZZ3XPr3sNFrXFdxFGGIziGU/DgEhpwC03wgQCDZ3iFN0c6L8678zFvLTnFzCH8gfP5A559jeM=</latexit><latexit sha1_base64="tvnGseexKPYkLMcgyAf/9QZtXBM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRiwfBCqYttKFstpt26e4m7G6EEvobvHhQxKs/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/oKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdjm9yv/1ElWaxfDSThAYCDyWLGMHGSv7dff+80q/W3Lo7A1omXkFqUKDZr371BjFJBZWGcKx113MTE2RYGUY4nVZ6qaYJJmM8pF1LJRZUB9ns2Ck6scoARbGyJQ2aqb8nMiy0nojQdgpsRnrRy8X/vG5qoqsgYzJJDZVkvihKOTIxyj9HA6YoMXxiCSaK2VsRGWGFibH55CF4iy8vk9ZZ3XPr3sNFrXFdxFGGIziGU/DgEhpwC03wgQCDZ3iFN0c6L8678zFvLTnFzCH8gfP5A559jeM=</latexit><latexit sha1_base64="tvnGseexKPYkLMcgyAf/9QZtXBM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRiwfBCqYttKFstpt26e4m7G6EEvobvHhQxKs/yJv/xk2bg7Y+GHi8N8PMvDDhTBvX/XZKK6tr6xvlzcrW9s7uXnX/oKXjVBHqk5jHqhNiTTmT1DfMcNpJFMUi5LQdjm9yv/1ElWaxfDSThAYCDyWLGMHGSv7dff+80q/W3Lo7A1omXkFqUKDZr371BjFJBZWGcKx113MTE2RYGUY4nVZ6qaYJJmM8pF1LJRZUB9ns2Ck6scoARbGyJQ2aqb8nMiy0nojQdgpsRnrRy8X/vG5qoqsgYzJJDZVkvihKOTIxyj9HA6YoMXxiCSaK2VsRGWGFibH55CF4iy8vk9ZZ3XPr3sNFrXFdxFGGIziGU/DgEhpwC03wgQCDZ3iFN0c6L8678zFvLTnFzCH8gfP5A559jeM=</latexit>

NLO 3
<latexit sha1_base64="wlD78l95P8rBE1HQDOv93l327ZI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVQY9FLx5EK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFpeWV1bXiemljc2t7p7y719QyUYQ2iORStQOsKWeCNgwznLZjRXEUcNoKRleZ33qiSjMpHsw4pn6EB4KFjGBjpebtzV3vtNQrV9yqOwVaJF5OKpCj3it/dfuSJBEVhnCsdcdzY+OnWBlGOJ2UuommMSYjPKAdSwWOqPbT6bUTdGSVPgqlsiUMmqq/J1IcaT2OAtsZYTPU814m/ud1EhNe+CkTcWKoILNFYcKRkSh7HfWZosTwsSWYKGZvRWSIFSbGBpSF4M2/vEiaJ1XPrXr3Z5XaZR5HEQ7gEI7Bg3OowTXUoQEEHuEZXuHNkc6L8+58zFoLTj6zD3/gfP4AOzaOOw==</latexit><latexit sha1_base64="wlD78l95P8rBE1HQDOv93l327ZI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVQY9FLx5EK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFpeWV1bXiemljc2t7p7y719QyUYQ2iORStQOsKWeCNgwznLZjRXEUcNoKRleZ33qiSjMpHsw4pn6EB4KFjGBjpebtzV3vtNQrV9yqOwVaJF5OKpCj3it/dfuSJBEVhnCsdcdzY+OnWBlGOJ2UuommMSYjPKAdSwWOqPbT6bUTdGSVPgqlsiUMmqq/J1IcaT2OAtsZYTPU814m/ud1EhNe+CkTcWKoILNFYcKRkSh7HfWZosTwsSWYKGZvRWSIFSbGBpSF4M2/vEiaJ1XPrXr3Z5XaZR5HEQ7gEI7Bg3OowTXUoQEEHuEZXuHNkc6L8+58zFoLTj6zD3/gfP4AOzaOOw==</latexit><latexit sha1_base64="wlD78l95P8rBE1HQDOv93l327ZI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVQY9FLx5EK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFpeWV1bXiemljc2t7p7y719QyUYQ2iORStQOsKWeCNgwznLZjRXEUcNoKRleZ33qiSjMpHsw4pn6EB4KFjGBjpebtzV3vtNQrV9yqOwVaJF5OKpCj3it/dfuSJBEVhnCsdcdzY+OnWBlGOJ2UuommMSYjPKAdSwWOqPbT6bUTdGSVPgqlsiUMmqq/J1IcaT2OAtsZYTPU814m/ud1EhNe+CkTcWKoILNFYcKRkSh7HfWZosTwsSWYKGZvRWSIFSbGBpSF4M2/vEiaJ1XPrXr3Z5XaZR5HEQ7gEI7Bg3OowTXUoQEEHuEZXuHNkc6L8+58zFoLTj6zD3/gfP4AOzaOOw==</latexit><latexit sha1_base64="wlD78l95P8rBE1HQDOv93l327ZI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVQY9FLx5EK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFpeWV1bXiemljc2t7p7y719QyUYQ2iORStQOsKWeCNgwznLZjRXEUcNoKRleZ33qiSjMpHsw4pn6EB4KFjGBjpebtzV3vtNQrV9yqOwVaJF5OKpCj3it/dfuSJBEVhnCsdcdzY+OnWBlGOJ2UuommMSYjPKAdSwWOqPbT6bUTdGSVPgqlsiUMmqq/J1IcaT2OAtsZYTPU814m/ud1EhNe+CkTcWKoILNFYcKRkSh7HfWZosTwsSWYKGZvRWSIFSbGBpSF4M2/vEiaJ1XPrXr3Z5XaZR5HEQ7gEI7Bg3OowTXUoQEEHuEZXuHNkc6L8+58zFoLTj6zD3/gfP4AOzaOOw==</latexit>

NLO4
<latexit sha1_base64="8UR+/i5CIZExfj8nM6SNhWtmUDo=">AAAB7nicbVBNS8NAEJ2tXzV+VT16WSyCp5KIoMeiFw+iFewHtKFstpt26WYTdjdCCf0RXjwo4tXf481/46bNQVsfDDzem2FmXpAIro3rfqPSyura+kZ509na3tndq+wftHScKsqaNBax6gREM8ElaxpuBOskipEoEKwdjK9zv/3ElOaxfDSThPkRGUoeckqMldp3t/f9c8fpV6puzZ0BLxOvIFUo0OhXvnqDmKYRk4YKonXXcxPjZ0QZTgWbOr1Us4TQMRmyrqWSREz72ezcKT6xygCHsbIlDZ6pvycyEmk9iQLbGREz0oteLv7ndVMTXvoZl0lqmKTzRWEqsIlx/jsecMWoERNLCFXc3orpiChCjU0oD8FbfHmZtM5qnlvzHs6r9asijjIcwTGcggcXUIcbaEATKIzhGV7hDSXoBb2jj3lrCRUzh/AH6PMHcleOUA==</latexit><latexit sha1_base64="8UR+/i5CIZExfj8nM6SNhWtmUDo=">AAAB7nicbVBNS8NAEJ2tXzV+VT16WSyCp5KIoMeiFw+iFewHtKFstpt26WYTdjdCCf0RXjwo4tXf481/46bNQVsfDDzem2FmXpAIro3rfqPSyura+kZ509na3tndq+wftHScKsqaNBax6gREM8ElaxpuBOskipEoEKwdjK9zv/3ElOaxfDSThPkRGUoeckqMldp3t/f9c8fpV6puzZ0BLxOvIFUo0OhXvnqDmKYRk4YKonXXcxPjZ0QZTgWbOr1Us4TQMRmyrqWSREz72ezcKT6xygCHsbIlDZ6pvycyEmk9iQLbGREz0oteLv7ndVMTXvoZl0lqmKTzRWEqsIlx/jsecMWoERNLCFXc3orpiChCjU0oD8FbfHmZtM5qnlvzHs6r9asijjIcwTGcggcXUIcbaEATKIzhGV7hDSXoBb2jj3lrCRUzh/AH6PMHcleOUA==</latexit><latexit sha1_base64="8UR+/i5CIZExfj8nM6SNhWtmUDo=">AAAB7nicbVBNS8NAEJ2tXzV+VT16WSyCp5KIoMeiFw+iFewHtKFstpt26WYTdjdCCf0RXjwo4tXf481/46bNQVsfDDzem2FmXpAIro3rfqPSyura+kZ509na3tndq+wftHScKsqaNBax6gREM8ElaxpuBOskipEoEKwdjK9zv/3ElOaxfDSThPkRGUoeckqMldp3t/f9c8fpV6puzZ0BLxOvIFUo0OhXvnqDmKYRk4YKonXXcxPjZ0QZTgWbOr1Us4TQMRmyrqWSREz72ezcKT6xygCHsbIlDZ6pvycyEmk9iQLbGREz0oteLv7ndVMTXvoZl0lqmKTzRWEqsIlx/jsecMWoERNLCFXc3orpiChCjU0oD8FbfHmZtM5qnlvzHs6r9asijjIcwTGcggcXUIcbaEATKIzhGV7hDSXoBb2jj3lrCRUzh/AH6PMHcleOUA==</latexit><latexit sha1_base64="8UR+/i5CIZExfj8nM6SNhWtmUDo=">AAAB7nicbVBNS8NAEJ2tXzV+VT16WSyCp5KIoMeiFw+iFewHtKFstpt26WYTdjdCCf0RXjwo4tXf481/46bNQVsfDDzem2FmXpAIro3rfqPSyura+kZ509na3tndq+wftHScKsqaNBax6gREM8ElaxpuBOskipEoEKwdjK9zv/3ElOaxfDSThPkRGUoeckqMldp3t/f9c8fpV6puzZ0BLxOvIFUo0OhXvnqDmKYRk4YKonXXcxPjZ0QZTgWbOr1Us4TQMRmyrqWSREz72ezcKT6xygCHsbIlDZ6pvycyEmk9iQLbGREz0oteLv7ndVMTXvoZl0lqmKTzRWEqsIlx/jsecMWoERNLCFXc3orpiChCjU0oD8FbfHmZtM5qnlvzHs6r9asijjIcwTGcggcXUIcbaEATKIzhGV7hDSXoBb2jj3lrCRUzh/AH6PMHcleOUA==</latexit>

NLO 2
<latexit sha1_base64="a1uMeAddXr5yHOzLSRtwzDOW+Sg=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoMeiFw+iFUxbaEPZbDft0s0m7m6EEvonvHhQxKt/x5v/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKK6tr6xvlTXtre2d3r7J/0FJxKgn1SMxj2QmwopwJ6mmmOe0kkuIo4LQdjK9yv/1EpWKxeNCThPoRHgoWMoK1kTq3N3f9um3b/UrVqTkzoGXiFqQKBZr9yldvEJM0okITjpXquk6i/QxLzQinU7uXKppgMsZD2jVU4IgqP5vdO0UnRhmgMJamhEYz9fdEhiOlJlFgOiOsR2rRy8X/vG6qwws/YyJJNRVkvihMOdIxyp9HAyYp0XxiCCaSmVsRGWGJiTYR5SG4iy8vk1a95jo19/6s2rgs4ijDERzDKbhwDg24hiZ4QIDDM7zCm/VovVjv1se8tWQVM4fwB9bnD6TxjmI=</latexit><latexit sha1_base64="a1uMeAddXr5yHOzLSRtwzDOW+Sg=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoMeiFw+iFUxbaEPZbDft0s0m7m6EEvonvHhQxKt/x5v/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKK6tr6xvlTXtre2d3r7J/0FJxKgn1SMxj2QmwopwJ6mmmOe0kkuIo4LQdjK9yv/1EpWKxeNCThPoRHgoWMoK1kTq3N3f9um3b/UrVqTkzoGXiFqQKBZr9yldvEJM0okITjpXquk6i/QxLzQinU7uXKppgMsZD2jVU4IgqP5vdO0UnRhmgMJamhEYz9fdEhiOlJlFgOiOsR2rRy8X/vG6qwws/YyJJNRVkvihMOdIxyp9HAyYp0XxiCCaSmVsRGWGJiTYR5SG4iy8vk1a95jo19/6s2rgs4ijDERzDKbhwDg24hiZ4QIDDM7zCm/VovVjv1se8tWQVM4fwB9bnD6TxjmI=</latexit><latexit sha1_base64="a1uMeAddXr5yHOzLSRtwzDOW+Sg=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoMeiFw+iFUxbaEPZbDft0s0m7m6EEvonvHhQxKt/x5v/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKK6tr6xvlTXtre2d3r7J/0FJxKgn1SMxj2QmwopwJ6mmmOe0kkuIo4LQdjK9yv/1EpWKxeNCThPoRHgoWMoK1kTq3N3f9um3b/UrVqTkzoGXiFqQKBZr9yldvEJM0okITjpXquk6i/QxLzQinU7uXKppgMsZD2jVU4IgqP5vdO0UnRhmgMJamhEYz9fdEhiOlJlFgOiOsR2rRy8X/vG6qwws/YyJJNRVkvihMOdIxyp9HAyYp0XxiCCaSmVsRGWGJiTYR5SG4iy8vk1a95jo19/6s2rgs4ijDERzDKbhwDg24hiZ4QIDDM7zCm/VovVjv1se8tWQVM4fwB9bnD6TxjmI=</latexit><latexit sha1_base64="a1uMeAddXr5yHOzLSRtwzDOW+Sg=">AAAB73icbVBNS8NAEJ3Urxq/qh69LBbBU0mKoMeiFw+iFUxbaEPZbDft0s0m7m6EEvonvHhQxKt/x5v/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKK6tr6xvlTXtre2d3r7J/0FJxKgn1SMxj2QmwopwJ6mmmOe0kkuIo4LQdjK9yv/1EpWKxeNCThPoRHgoWMoK1kTq3N3f9um3b/UrVqTkzoGXiFqQKBZr9yldvEJM0okITjpXquk6i/QxLzQinU7uXKppgMsZD2jVU4IgqP5vdO0UnRhmgMJamhEYz9fdEhiOlJlFgOiOsR2rRy8X/vG6qwws/YyJJNRVkvihMOdIxyp9HAyYp0XxiCCaSmVsRGWGJiTYR5SG4iy8vk1a95jo19/6s2rgs4ijDERzDKbhwDg24hiZ4QIDDM7zCm/VovVjv1se8tWQVM4fwB9bnD6TxjmI=</latexit>

NLO 1
<latexit sha1_base64="fOnuimh4eFlwyoGCVw2c2iuUHmY=">AAAB73icbVBNS8NAEJ34WeNX1aOXxSJ4KlkR9Fj04kG0gv2ANpTNdtMu3Wzi7kYooX/CiwdFvPp3vPlv3LQ5aOuDgcd7M8zMCxLBtfG8b2dpeWV1bb204W5ube/slvf2mzpOFWUNGotYtQOimeCSNQw3grUTxUgUCNYKRle533piSvNYPphxwvyIDCQPOSXGSu3bm7sedl23V654VW8KtEhwQSpQoN4rf3X7MU0jJg0VROsO9hLjZ0QZTgWbuN1Us4TQERmwjqWSREz72fTeCTq2Sh+FsbIlDZqqvycyEmk9jgLbGREz1PNeLv7ndVITXvgZl0lqmKSzRWEqkIlR/jzqc8WoEWNLCFXc3orokChCjY0oDwHPv7xImqdV7FXx/VmldlnEUYJDOIITwHAONbiGOjSAgoBneIU359F5cd6dj1nrklPMHMAfOJ8/o2qOYQ==</latexit><latexit sha1_base64="fOnuimh4eFlwyoGCVw2c2iuUHmY=">AAAB73icbVBNS8NAEJ34WeNX1aOXxSJ4KlkR9Fj04kG0gv2ANpTNdtMu3Wzi7kYooX/CiwdFvPp3vPlv3LQ5aOuDgcd7M8zMCxLBtfG8b2dpeWV1bb204W5ube/slvf2mzpOFWUNGotYtQOimeCSNQw3grUTxUgUCNYKRle533piSvNYPphxwvyIDCQPOSXGSu3bm7sedl23V654VW8KtEhwQSpQoN4rf3X7MU0jJg0VROsO9hLjZ0QZTgWbuN1Us4TQERmwjqWSREz72fTeCTq2Sh+FsbIlDZqqvycyEmk9jgLbGREz1PNeLv7ndVITXvgZl0lqmKSzRWEqkIlR/jzqc8WoEWNLCFXc3orokChCjY0oDwHPv7xImqdV7FXx/VmldlnEUYJDOIITwHAONbiGOjSAgoBneIU359F5cd6dj1nrklPMHMAfOJ8/o2qOYQ==</latexit><latexit sha1_base64="fOnuimh4eFlwyoGCVw2c2iuUHmY=">AAAB73icbVBNS8NAEJ34WeNX1aOXxSJ4KlkR9Fj04kG0gv2ANpTNdtMu3Wzi7kYooX/CiwdFvPp3vPlv3LQ5aOuDgcd7M8zMCxLBtfG8b2dpeWV1bb204W5ube/slvf2mzpOFWUNGotYtQOimeCSNQw3grUTxUgUCNYKRle533piSvNYPphxwvyIDCQPOSXGSu3bm7sedl23V654VW8KtEhwQSpQoN4rf3X7MU0jJg0VROsO9hLjZ0QZTgWbuN1Us4TQERmwjqWSREz72fTeCTq2Sh+FsbIlDZqqvycyEmk9jgLbGREz1PNeLv7ndVITXvgZl0lqmKSzRWEqkIlR/jzqc8WoEWNLCFXc3orokChCjY0oDwHPv7xImqdV7FXx/VmldlnEUYJDOIITwHAONbiGOjSAgoBneIU359F5cd6dj1nrklPMHMAfOJ8/o2qOYQ==</latexit><latexit sha1_base64="fOnuimh4eFlwyoGCVw2c2iuUHmY=">AAAB73icbVBNS8NAEJ34WeNX1aOXxSJ4KlkR9Fj04kG0gv2ANpTNdtMu3Wzi7kYooX/CiwdFvPp3vPlv3LQ5aOuDgcd7M8zMCxLBtfG8b2dpeWV1bb204W5ube/slvf2mzpOFWUNGotYtQOimeCSNQw3grUTxUgUCNYKRle533piSvNYPphxwvyIDCQPOSXGSu3bm7sedl23V654VW8KtEhwQSpQoN4rf3X7MU0jJg0VROsO9hLjZ0QZTgWbuN1Us4TQERmwjqWSREz72fTeCTq2Sh+FsbIlDZqqvycyEmk9jgLbGREz1PNeLv7ndVITXvgZl0lqmKSzRWEqkIlR/jzqc8WoEWNLCFXc3orokChCjY0oDwHPv7xImqdV7FXx/VmldlnEUYJDOIITwHAONbiGOjSAgoBneIU359F5cd6dj1nrklPMHMAfOJ8/o2qOYQ==</latexit>
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the typical MG5 aMC usage in the case e.g. of a QCD+EW expansion may read as follows2:

MG5aMC> import model myNLOmodelw qcd qed
MG5aMC> generate p1 p2 > p3 p4 p5 p6 QCD=nmax QED=mmax [QCD QED]

with pi (multi)particles that belong to the spectrum of the model myNLOmodelw qcd qed.
The syntax above implies computing the following LO and NLO contributions:

LO : ! n
S ! m , n ! nmax, m ! mmax, n + m = k0 , (2.8)

NLO : ! n
S ! m , n ! nmax+ 1 , m ! mmax+ 1 , n + m = k0 + 1 . (2.9)

We point out that the largest power of ! S in eq. (2.9) is exactly one unity larger than its
LO counterpart in eq. (2.8) because of the presence of the keyword[QCD] in the process-
generation command. This instructs the code to consider all diagrams that feature two
extra QCD vertices3 w.r.t. those present at the Born level. Likewise, it is the keyword
[QED] that sets the largest power of ! that appears at the NLO level equal to mmax+ 1.
Either keyword can be omitted Ð we shall give explicit examples in sect.6. More details on
the syntax above, relevant to the inner workings ofMG5 aMC , are given in appendixD.

We now turn to underscore an issue which is speciÞc to QED, and that stems from
the fact that, in such a theory, photons and leptons can be regarded both as particles that
enter the short-distance process and as observable (taggable) objects. This point has been
already discussed in ref. [32], and we shall limit ourselves here to summarise the conclusions
of that paper. The key point is that short-distance photons and massless leptons can be
identiÞed with the corresponding taggable objects only up to a certain! NLO i 0

term, beyond
which (i.e. for ! NLO i , i > i 0) this identiÞcation leads to IR-unsafe observables. The value
of i 0 is process dependent; typically, IR unsafety manifests itself in the third- or even the
second-leading NLO contribution4. The solution proposed in ref. [32] is as follows:

1. Short-distance photons and massless leptons are not taggable objects.

2. A taggable photon is a photon that emerges from a fragmentation process.

3. A taggable massless lepton is either a lepton that emerges from a fragmentation
process or a dressed lepton, i.e. an object whose four-momentum is equal to that of
a very narrow jet that contains the short-distance lepton.

4. These rules imply that photons and massless leptons must be treated on the same
footing as gluons and quarks in short-distance computations (democratic approach).

5. Short-distance computations should be performed inMS-like EW renormalisation
schemes, such as theGµ or ! (mZ) ones, regardless of the initial- and Þnal-state
particle contents of the process of interest.

2Here, QED is a conventional keyword that stands for both electromagnetic and weak e↵ects. See foot-

note 31 for more details.
3Here “diagrams” is meant in the Cutkowsky sense: the vertices will be on the same side (opposite sides)

of the Cutkowsky cut for one-loop (real-emission) contributions.
4However, in the case of the second-leading NLO term there is usually a workaround, which is the reason

why this issue has never been prominent in the context of NLO EW computations.

Ð 5 Ð

αsN+1αM−1 Nαs αM−1 +1αsNαM

N −1αMαs +2
N αMαs +1

NαsαM+1

mMAX=MnMAX=N+1

N αMαs +2 −2

Figure 15 : Example of QCD (blue, right-to-left arrows) and QED (red, left-to-right
arrows) corrections to a generic process. The small yellow circles indicate the possible
presence of further cross section contributions. The parametersnmax and mmax can be freely
changed in order to select di! erent Born contributions w.r.t. those depicted here. See the
text for details.

By imposing that the max and min operators in eq. (D.2) be non-trivial, and that the q
range in the sum on the r.h.s. of eq. (2.3) be non-null, one further obtains:

nmax ! cs(k0) + " (k0) , mmax ! c(k0) + " (k0) , (D.3)

nmax+ mmax" cs(k0) + c(k0) + " (k0) # k0 , (D.4)

which, together with eq. (D.1), give the complete conditions that guarantee that there will
be at least one Born-level contribution42. We point out that the keywords QCD=nmax and
QED=mmax may both be omitted. When this is the case,MG5 aMC generates the process
with the smallest possible number of QED vertices at the Born level (which is equivalent
to using QED=mmax with the smallest mmax compatible with eqs. (D.1) and (D.3)).

In a graphical manner, the generation procedure is shown in the example of Þg.15,
where each of the black blobs in the upper (lower) row represents a# k,q contribution at
the LO (NLO). By setting nmax = N + 1 as in Þg. 15, one selects the setS1 of all the LO
contributions which lie to the right of the vertical blue dashed line. Conversely, by setting
mmax= M , the selected setS2 is that of all the LO contributions which lie to the left of the
vertical red dashed line43. The LO cross section that will enter the physical predictions is
then obtained by summing the contributions that belong to the intersection S1! 2 = S1 $ S2

of the two sets obtained previously Ð hence, these are the terms ofO(! N +1
S ! M " 1) and

42 We point out that there is no loss of e ! ciency if MG5 aMC is given in input values of nmax and mmax

larger than the upper bounds that appear in eq. ( D.3) Ð in that case, the code will simply compute all the
non-null LO and NLO contributions.

43 It should be clear that, by choosing di " erent values for nmax and/or mmax, the positions of of the vertical
dashed lines change w.r.t. those shown in Þg.15, and thus one includes a number of blobs in the computation
which is di " erent from that of the example considered here.
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Previous results
• 1407.0823: top pair
• 1504.03446: top pair plus heavy boson
• 1612.06548: dijet
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NLO EW corrections
Process Syntax Cross section (in pb) Correction (in %)

LO NLO

pp! e+⌫e p p > e+ ve QCD=0 QED=2 [QED] 5.2498 ± 0.0005 · 103 5.2113 ± 0.0006 · 103
�0.73 ± 0.01

pp! e+⌫ej p p > e+ ve j QCD=1 QED=2 [QED] 9.1468 ± 0.0012 · 102 9.0449 ± 0.0014 · 102
�1.11 ± 0.02

pp! e+⌫ejj p p > e+ ve j j QCD=2 QED=2 [QED] 3.1562 ± 0.0003 · 102 3.0985 ± 0.0005 · 102
�1.83 ± 0.02

pp! e+e� p p > e+ e- QCD=0 QED=2 [QED] 7.5367 ± 0.0008 · 102 7.4997 ± 0.0010 · 102
�0.49 ± 0.02

pp! e+e�j p p > e+ e- j QCD=1 QED=2 [QED] 1.5059 ± 0.0001 · 102 1.4909 ± 0.0002 · 102
�1.00 ± 0.02

pp! e+e�jj p p > e+ e- j j QCD=2 QED=2 [QED] 5.1424 ± 0.0004 · 101 5.0410 ± 0.0007 · 101
�1.97 ± 0.02

pp! e+e�µ+µ� p p > e+ e- mu+ mu- QCD=0 QED=4 [QED] 1.2750 ± 0.0000 · 10�2 1.2083 ± 0.0001 · 10�2
�5.23 ± 0.01

pp! e+⌫eµ�⌫̄µ p p > e+ ve mu- vm~ QCD=0 QED=4 [QED] 5.1144 ± 0.0007 · 10�1 5.3019 ± 0.0009 · 10�1 +3.67 ± 0.02
pp! He+⌫e p p > h e+ ve QCD=0 QED=3 [QED] 6.7643 ± 0.0001 · 10�2 6.4914 ± 0.0012 · 10�2

�4.03 ± 0.02
pp! He+e� p p > h e+ e- QCD=0 QED=3 [QED] 1.4554 ± 0.0001 · 10�2 1.3700 ± 0.0002 · 10�2

�5.87 ± 0.02
pp! Hjj p p > h j j QCD=0 QED=3 [QED] 2.8268 ± 0.0002 · 100 2.7075 ± 0.0003 · 100

�4.22 ± 0.01
pp!W+W�W+ p p > w+ w- w+ QCD=0 QED=3 [QED] 8.2874 ± 0.0004 · 10�2 8.8017 ± 0.0012 · 10�2 +6.21 ± 0.02
pp! ZZW+ p p > z z w+ QCD=0 QED=3 [QED] 1.9874 ± 0.0001 · 10�2 2.0189 ± 0.0003 · 10�2 +1.58 ± 0.02
pp! ZZZ p p > z z z QCD=0 QED=3 [QED] 1.0761 ± 0.0001 · 10�2 0.9741 ± 0.0001 · 10�2

�9.47 ± 0.02
pp! HZZ p p > h z z QCD=0 QED=3 [QED] 2.1005 ± 0.0003 · 10�3 1.9155 ± 0.0003 · 10�3

�8.81 ± 0.02
pp! HZW+ p p > h z w+ QCD=0 QED=3 [QED] 2.4408 ± 0.0000 · 10�3 2.4809 ± 0.0005 · 10�3 +1.64 ± 0.02
pp! HHW+ p p > h h w+ QCD=0 QED=3 [QED] 2.7827 ± 0.0001 · 10�4 2.4259 ± 0.0027 · 10�4

�12.82 ± 0.10
pp! HHZ p p > h h z QCD=0 QED=3 [QED] 2.6914 ± 0.0003 · 10�4 2.3926 ± 0.0003 · 10�4

�11.10 ± 0.02
pp! tt̄W+ p p > t t~ w+ QCD=2 QED=1 [QED] 2.4119 ± 0.0003 · 10�1 2.3025 ± 0.0003 · 10�1

�4.54 ± 0.02
pp! tt̄Z p p > t t~ z QCD=2 QED=1 [QED] 5.0456 ± 0.0006 · 10�1 5.0033 ± 0.0007 · 10�1

�0.84 ± 0.02
pp! tt̄H p p > t t~ h QCD=2 QED=1 [QED] 3.4480 ± 0.0004 · 10�1 3.5102 ± 0.0005 · 10�1 +1.81 ± 0.02
pp! tt̄j p p > t t j QCD=3 QED=0 [QED] 3.0277 ± 0.0003 · 102 2.9683 ± 0.0004 · 102

�1.96 ± 0.02
pp! jjj p p > j j j QCD=3 QED=0 [QED] 7.9639 ± 0.0010 · 106 7.9472 ± 0.0011 · 106

�0.21 ± 0.02
pp! tj p p > t j QCD=0 QED=2 [QED] 1.0613 ± 0.0001 · 102 1.0539 ± 0.0001 · 102

�0.70 ± 0.02

Table 2 : Processes considered in sect. 6.2. The second column reports the MG5 aMC syntax used to generate them. The third and
fourth columns display the fully-inclusive results for the quantities defined in eq. (6.12). The fifth column shows the results for the
fractional correction defined in eq. (6.14). All uncertainties are due to MC integration errors.

–
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Top case
pp ! tøt pp ! tøtZ pp ! tøtW + pp ! tøtH pp ! tøtj

LO1 4.3803± 0.0005 á102 pb 5.0463± 0.0003 á10! 1 pb 2.4116± 0.0001 á10! 1 pb 3.4483± 0.0003 á10! 1 pb 3.0278± 0.0003 á102 pb

LO2 +0 .405 ± 0.001 % " 0.691 ± 0.001 % +0.000 ± 0.000 % +0.406 ± 0.001 % +0.525 ± 0.001 %

LO3 +0 .630 ± 0.001 % +2.259 ± 0.001 % +0.962 ± 0.000 % +0.702 ± 0.001 % +1.208 ± 0.001 %

LO4 +0 .006 ± 0.000 %

NLO1 +46.164 ± 0.022 % +44.809 ± 0.028 % +49.504 ± 0.015 % +28.847 ± 0.020 % +26.571 ± 0.063 %

NLO2 " 1.075 ± 0.003 % " 0.846 ± 0.004 % " 4.541 ± 0.003 % +1.794 ± 0.005 % " 1.971 ± 0.022 %

NLO3 +0 .552 ± 0.002 % +0.845 ± 0.003 % +12.242 ± 0.014 % +0.483 ± 0.008 % +0.292 ± 0.007 %

NLO4 +0 .005 ± 0.000 % " 0.082 ± 0.000 % +0.017 ± 0.003 % +0.044 ± 0.000 % +0.009 ± 0.000 %

NLO5 +0 .005 ± 0.000 %

Table 3 : Cross sections for Þvetøt + X processes using the setup as described in section6.1. The uncertainties quoted are of statistical
nature only, originating from the Monte Carlo integration over the phase space. The subleading LO and NLO contributions are given
as percentage corrections on top of the LO1.

Ð
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Figure 10 : Transverse momentum of the top quark inpp ! tøt production.

The transverse momentum of the top quark in pp ! tøt production is presented in
Þg. 10. The LO1 contribution is dominant in the whole pT (t) " 3 TeV range considered,
accounting for at least 60% of the total NLO cross section. The second largest contribution
is the NLO1 one, that constitutes a correction of the LO1 term equal to about 40% of the
latter, with a rather mild dependence on pT (t) Ð needless to say, this is well know from
standard NLO QCD results. All of the other contributions are small and equal to at
most 1% of the LO1 one. The exception is the NLO2 term, which monotonically decreases
with pT (t), becoming negative at aroundpT (t) # 50 GeV, and growing up to $ 10% when
pT (t) ! 1 TeV. This example conÞrms that, when an accuracy at the percent level is
required, corrections subleading w.r.t. the dominant QCD ones must be computed. In the
particular case ofpT (t), and up to 3 TeV, the only contribution that can be safely neglected
is the NLO4 one, which remains everywhere below the per-mille level w.r.t. LO1. However,
it is important to point out that this conclusion is both process- and observable-speciÞc.

In Þg. 11 we show the transverse momentum of theZ boson in pp ! tøtZ production.
The LO1 contribution is again dominant, at the level of 70% of the total NLO cross sec-
tion. For pT (Z ) ! 0.5 TeV the NLO QCD corrections (NLO 2) essentially account for the
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Figure 10: Transverse momentum of the top quark in pp ! t t̄ production.

The transverse momentum of the top quark in pp ! t t̄ production is presented in
fig. 10. The LO1 contribution is dominant in the whole pT (t) " 3 TeV range considered,
accounting for at least 60% of the total NLO cross section. The second largest contribution
is the NLO1 one, that constitutes a correction of the LO1 term equal to about 40% of the
latter, with a rather mild dependence on pT (t) – needless to say, this is well know from
standard NLO QCD results. All of the other contributions are small and equal to at
most 1% of the LO1 one. The exception is the NLO2 term, which monotonically decreases
with pT (t), becoming negative at around pT (t) # 50 GeV, and growing up to $ 10% when
pT (t) ! 1 TeV. This example confirms that, when an accuracy at the percent level is
required, corrections subleading w.r.t. the dominant QCD ones must be computed. In the
particular case of pT (t), and up to 3 TeV, the only contribution that can be safely neglected
is the NLO4 one, which remains everywhere below the per-mille level w.r.t. LO1. However,
it is important to point out that this conclusion is both process- and observable-specific.

In fig. 11 we show the transverse momentum of the Z boson in pp ! t t̄Z production.
The LO1 contribution is again dominant, at the level of 70% of the total NLO cross sec-
tion. For pT (Z ) ! 0.5 TeV the NLO QCD corrections (NLO2) essentially account for the
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Plan

• Electroweak NLO

• Dark Matter -> Maddm 

• Beam Experiment -> MadDump

Development status

MadDM v.3.0: a Comprehensive Tool for Dark Matter Studies

Federico Ambrogia, Chiara Arinaa, Mihailo Backovića,b, Jan Heisigc, Fabio Maltonia, Luca Mantania,
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Abstract

We present MadDM v.3.0, a numerical tool to compute particle dark matter observables in generic new physics models.
The new version features a comprehensive and automated framework for dark matter searches at the interface of
collider physics, astrophysics and cosmology and is deployed as a plugin of the MadGraph5 aMC@NLO platform,
inheriting most of its features. With respect to the previous version, MadDM v.3.0 can now provide predictions for
indirect dark matter signatures in astrophysical environments, such as the annihilation cross section at present time
and the energy spectra of prompt photons, cosmic rays and neutrinos resulting from dark matter annihilation. MadDM
indirect detection features support both 2 ! 2 and 2 ! n dark matter annihilation processes. In addition, the ability
to compare theoretical predictions with experimental constraints is extended by including the Fermi-LAT likelihood
for gamma-ray constraints from dwarf spheroidal galaxies and by providing an interface with the nested sampling
algorithm PyMultiNest to perform high dimensional parameter scans e�ciently. We validate the code for a wide set
of dark matter models by comparing the results from MadDM v.3.0 to existing tools and results in the literature.

Keywords: Dark Matter; Indirect detection; Numerical tools; MadDM.

1. Introduction

There is compelling evidence for the existence of dark matter from observations of the cosmic microwave back-
ground (CMB) [1] and from astrophysical measurements [2]. This evidence, however, is still indirect and stems only
from the gravitational interaction of dark matter, leaving its true nature unknown. Within the generic hypothesis that
dark matter is a particle, a multitude of experimental approaches have been undertaken to detect it; from dark mat-
ter searches using the underground detectors [3–5] (direct detection), to observations of gamma-ray, cosmic-ray and
neutrino fluxes in astrophysical environments (indirect detection), e.g., Refs. [6–9], and searches for missing energy
signals at colliders [10] (production). Yet, despite the enormous experimental e↵ort, a signal of particle dark matter
remains elusive and our understanding of dark matter properties limited.

In the absence of a clear dark matter signal, a plethora of theoretical dark matter models are currently viable
and span many orders of magnitude in dark matter masses and interaction strengths. This makes it di�cult to e�-
ciently study all possible scenarios. In order to at least carve out the dark matter models which are inconsistent with
experimental observations, it is necessary to combine the maximum amount of available experimental information
(i.e. the comprehensive dark matter studies). Including constraints from many dark matter detection strategies, from
particle physics, to astrophysics and cosmology, is technically challenging and computationally intensive. This has
created a demand for numerical tools that would facilitate and streamline computations, making them e�cient and
model independent. In the recent years, several tools and frameworks have been proposed and developed that com-
pute dark matter model predictions for relic density, direct and indirect detection, among which is MadDM. Initially,
most of the attention was focused on supersymmetric models with the neutralino as dark matter candidate [11–14].
MicrOMEGAs [15] has been the first tool for dark matter studies to allow for the computation of dark matter predictions
for generic dark matter models. Nowadays, MicrOMEGAs [16] supplies astrophysical and cosmological dark matter
predictions and allows the comparison of dark matter signals with collider bounds for a generic model given a point in

Preprint submitted to Elsevier April 3, 2018
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Federico Ambrogia, Chiara Arinaa, Mihailo Backovića,b, Jan Heisigc, Fabio Maltonia, Luca Mantania,
Olivier Mattelaera, Gopolang Mohlabengd,e

aCentre for Cosmology, Particle Physics and Phenomenology (CP3), Université catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
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Abstract

We present MadDM v.3.0, a numerical tool to compute particle dark matter observables in generic new physics models.
The new version features a comprehensive and automated framework for dark matter searches at the interface of
collider physics, astrophysics and cosmology and is deployed as a plugin of the MadGraph5 aMC@NLO platform,
inheriting most of its features. With respect to the previous version, MadDM v.3.0 can now provide predictions for
indirect dark matter signatures in astrophysical environments, such as the annihilation cross section at present time
and the energy spectra of prompt photons, cosmic rays and neutrinos resulting from dark matter annihilation. MadDM
indirect detection features support both 2 ! 2 and 2 ! n dark matter annihilation processes. In addition, the ability
to compare theoretical predictions with experimental constraints is extended by including the Fermi-LAT likelihood
for gamma-ray constraints from dwarf spheroidal galaxies and by providing an interface with the nested sampling
algorithm PyMultiNest to perform high dimensional parameter scans e�ciently. We validate the code for a wide set
of dark matter models by comparing the results from MadDM v.3.0 to existing tools and results in the literature.
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1. Introduction

There is compelling evidence for the existence of dark matter from observations of the cosmic microwave back-
ground (CMB) [1] and from astrophysical measurements [2]. This evidence, however, is still indirect and stems only
from the gravitational interaction of dark matter, leaving its true nature unknown. Within the generic hypothesis that
dark matter is a particle, a multitude of experimental approaches have been undertaken to detect it; from dark mat-
ter searches using the underground detectors [3–5] (direct detection), to observations of gamma-ray, cosmic-ray and
neutrino fluxes in astrophysical environments (indirect detection), e.g., Refs. [6–9], and searches for missing energy
signals at colliders [10] (production). Yet, despite the enormous experimental e↵ort, a signal of particle dark matter
remains elusive and our understanding of dark matter properties limited.

In the absence of a clear dark matter signal, a plethora of theoretical dark matter models are currently viable
and span many orders of magnitude in dark matter masses and interaction strengths. This makes it di�cult to e�-
ciently study all possible scenarios. In order to at least carve out the dark matter models which are inconsistent with
experimental observations, it is necessary to combine the maximum amount of available experimental information
(i.e. the comprehensive dark matter studies). Including constraints from many dark matter detection strategies, from
particle physics, to astrophysics and cosmology, is technically challenging and computationally intensive. This has
created a demand for numerical tools that would facilitate and streamline computations, making them e�cient and
model independent. In the recent years, several tools and frameworks have been proposed and developed that com-
pute dark matter model predictions for relic density, direct and indirect detection, among which is MadDM. Initially,
most of the attention was focused on supersymmetric models with the neutralino as dark matter candidate [11–14].
MicrOMEGAs [15] has been the first tool for dark matter studies to allow for the computation of dark matter predictions
for generic dark matter models. Nowadays, MicrOMEGAs [16] supplies astrophysical and cosmological dark matter
predictions and allows the comparison of dark matter signals with collider bounds for a generic model given a point in
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-> See Federico talk tomorrow morning for more detailsPublish last week: 1804.00044 

http://arxiv.org/abs/arXiv:1804.00044
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What’s needed for DM
Relic density

Direct detection

Indirect
detection

• Is the model produce enough DM

• Present in Maddm v1.0

• Scattering of DM within normal matter!
(earth detector)

• Present in Maddm v2.0

• Remnant of DM annihilation!
(telescope)

• New in Maddm v3.0

Collider
• Production of DM at collider (LHC)

• MG5_aMC@NLO
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Maddm v3

Maddm v2
relic

Direct detection

Indirect
Fast (PPPC4DMID)

Exotic (MG5+PY8+Dragon))

Multinest
Large scan

Experiment comparison
LUX

Fermi
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• MadDM is a PLUGIN of MG5aMC

!  User contrib/ UserHook

!  Visibility to external contributor

 11

Plugin

¥ Momenta ( a C++ version of Madweight)

¥ New Cluster implementation 

¥ Generation of gridpack on HPC machine (MPI)

¥ Mass reshußing of events

¥ Madee (ILC accelerator) (See Ulrike talk)

Example of Plugin
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Plan

• Electroweak NLO

• Dark Matter -> Maddm 

• Beam Experiment -> MadDump

Development status

Luca Buonocore, Francesco Tramontano, Claudia Frugiuele
With help of Fabio Maltoni, OM

Work in progress
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MadDump
Target Detector

X

Prompt  
Production

M

Mediator 
decays to DM DM scattering

X
X

M

Beam

M

X

X

Process  that can  be simulated by MadGraph using the UFO of the NP model

GeV leptophobic forces
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Non trivial PDF

How it works in practice
For simplicity letÕs consider the physical scenario of an 
hidden particle produced promptly and interacting in 

the LDM !  target in SHiP

¥ In the first step MG computes the production 
cross section and generates a large sample of 
unweighted events 

¥ At this stage the unweighted events passing 
through the detector are selected

¥ Selected events express the fraction of the 
produced flux entering the detector 

¥ They are grouped into cells with an even 
number of events
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• Need ÒspecialÓ PDF 
for the incoming 
beam (in Energy/
angle)

• Using a 2D Tree

2D Tree



Mattelaer Olivier MCNet Meeting, CERN, 04/18  15

GeV lepto-phobicGeV leptophobic forces

¥ indeed, indirect limits and UV 
completion might provides 
stronger constraints then J/!  
and "  decays 

¥ for the relevant region the 
assumption of a prompt 
decay is a good one

[Dobrescu Frugiuele 2015 ] 
[Pospelov et al 2017]
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GeV leptophobic forces

Avoid Òelectronic constraintsÕÕ from BaBar

gl = 0 , gq = gz
3 , g! = 3gz
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On shell production 
of the mediator

Gauging the baryon number:

GeV leptophobic forces

¥ indeed, indirect limits and UV 
completion might provides 
stronger constraints then J/!  
and "  decays 

¥ for the relevant region the 
assumption of a prompt 
decay is a good one

[Dobrescu Frugiuele 2015 ] 
[Pospelov et al 2017]
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Figure 4.2 : Production ( left) and subsequent decay (right) of the particle NI .

the Universe (see Section4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible forboth neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging fromO(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2Ð4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2 ,
4.3.2.3 ). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by Þnding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) thelower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides anupper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, seeSection 4.3.2.1 . Interestingly HNLs
can be postulatedas the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed inSection 4.8.3 ). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property ofcharge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge ofNI is zero and therefore hypercharges of
left lepton double and Higgs Þeld are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand UniÞed Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully Þxed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-ßavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon Þrst conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by deÞnition they are produced or detected as ßavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a deÞnite ßavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates
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