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A. Papaefstathiou

electro-weak symmetry breaking

¥ amongst the main goals of High Energy Physics: 

to understand electro-weak symmetry breaking (EWSB). 

!  study the central protagonist, the Higgs boson:
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e.g. fermion masses 
& interactions:
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e.g. Higgs mass and self-interactions:
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electro-weak symmetry breaking
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!
<latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit><latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit><latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit><latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit>

also: effective interactions of Higgs bosons and gluons/
photons:

L !
↵S

12⇡
Gaµ ! Ga

µ !
h
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↵em
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F µ! Fµ !

h
v
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"
7
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<latexit sha1_base64="nYRX9yoaZUuoiO19yEGWd/UHDAY="></latexit><latexit sha1_base64="nYRX9yoaZUuoiO19yEGWd/UHDAY="></latexit><latexit sha1_base64="nYRX9yoaZUuoiO19yEGWd/UHDAY="></latexit><latexit sha1_base64="nYRX9yoaZUuoiO19yEGWd/UHDAY="></latexit>

[see, e.g. B. Kniehl, M. Spira, hep-ph/9505225]



A. Papaefstathiou

EWSB & new scalars
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¥Higgs doublet bilinear            : 

only gauge & Lorentz invariant  D=2 SM operator.

!  e.g. could couple to new singlet scalar S:

H   H
<latexit sha1_base64="xHwU26hWRtN38ky22Mfls6fcE1w=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeix66bGC/YA0ls1mki7d7IbdjVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXZpxp47rfztr6xubWdmWnuru3f3BYOzruapkrCh0quVT9kGjgTEDHMMOhnykgacihF47vZn7vCZRmUjyYSQZBShLBYkaJsZLfehxEJElA4dawVncb7hx4lXglqaMS7WHtaxBJmqcgDOVEa99zMxMURBlGOUyrg1xDRuiYJOBbKkgKOijmJ0/xuVUiHEtlSxg8V39PFCTVepKGtjMlZqSXvZn4n+fnJr4JCiay3ICgi0VxzrGRePY/jpgCavjEEkIVs7diOiKKUGNTqtoQvOWXV0n3suG5De/+qt68LeOooFN0hi6Qh65RE7VQG3UQRRI9o1f05hjnxXl3Phata045c4L+wPn8AYMmkLw=</latexit><latexit sha1_base64="xHwU26hWRtN38ky22Mfls6fcE1w=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeix66bGC/YA0ls1mki7d7IbdjVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXZpxp47rfztr6xubWdmWnuru3f3BYOzruapkrCh0quVT9kGjgTEDHMMOhnykgacihF47vZn7vCZRmUjyYSQZBShLBYkaJsZLfehxEJElA4dawVncb7hx4lXglqaMS7WHtaxBJmqcgDOVEa99zMxMURBlGOUyrg1xDRuiYJOBbKkgKOijmJ0/xuVUiHEtlSxg8V39PFCTVepKGtjMlZqSXvZn4n+fnJr4JCiay3ICgi0VxzrGRePY/jpgCavjEEkIVs7diOiKKUGNTqtoQvOWXV0n3suG5De/+qt68LeOooFN0hi6Qh65RE7VQG3UQRRI9o1f05hjnxXl3Phata045c4L+wPn8AYMmkLw=</latexit><latexit sha1_base64="xHwU26hWRtN38ky22Mfls6fcE1w=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeix66bGC/YA0ls1mki7d7IbdjVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXZpxp47rfztr6xubWdmWnuru3f3BYOzruapkrCh0quVT9kGjgTEDHMMOhnykgacihF47vZn7vCZRmUjyYSQZBShLBYkaJsZLfehxEJElA4dawVncb7hx4lXglqaMS7WHtaxBJmqcgDOVEa99zMxMURBlGOUyrg1xDRuiYJOBbKkgKOijmJ0/xuVUiHEtlSxg8V39PFCTVepKGtjMlZqSXvZn4n+fnJr4JCiay3ICgi0VxzrGRePY/jpgCavjEEkIVs7diOiKKUGNTqtoQvOWXV0n3suG5De/+qt68LeOooFN0hi6Qh65RE7VQG3UQRRI9o1f05hjnxXl3Phata045c4L+wPn8AYMmkLw=</latexit><latexit sha1_base64="xHwU26hWRtN38ky22Mfls6fcE1w=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeix66bGC/YA0ls1mki7d7IbdjVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXZpxp47rfztr6xubWdmWnuru3f3BYOzruapkrCh0quVT9kGjgTEDHMMOhnykgacihF47vZn7vCZRmUjyYSQZBShLBYkaJsZLfehxEJElA4dawVncb7hx4lXglqaMS7WHtaxBJmqcgDOVEa99zMxMURBlGOUyrg1xDRuiYJOBbKkgKOijmJ0/xuVUiHEtlSxg8V39PFCTVepKGtjMlZqSXvZn4n+fnJr4JCiay3ICgi0VxzrGRePY/jpgCavjEEkIVs7diOiKKUGNTqtoQvOWXV0n3suG5De/+qt68LeOooFN0hi6Qh65RE7VQG3UQRRI9o1f05hjnxXl3Phata045c4L+wPn8AYMmkLw=</latexit>

L ! "
! HS

2
H   HS2

<latexit sha1_base64="GDlB4h+CHcetjTOFs03gUWe5bww="></latexit><latexit sha1_base64="GDlB4h+CHcetjTOFs03gUWe5bww="></latexit><latexit sha1_base64="GDlB4h+CHcetjTOFs03gUWe5bww="></latexit><latexit sha1_base64="GDlB4h+CHcetjTOFs03gUWe5bww="></latexit>



A. Papaefstathiou

EWSB & new scalars

!5

¥Higgs doublet bilinear            : 

only gauge & Lorentz invariant  D=2 SM operator.

!  e.g. could couple to new singlet scalar S:

H   H
<latexit sha1_base64="xHwU26hWRtN38ky22Mfls6fcE1w=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeix66bGC/YA0ls1mki7d7IbdjVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXZpxp47rfztr6xubWdmWnuru3f3BYOzruapkrCh0quVT9kGjgTEDHMMOhnykgacihF47vZn7vCZRmUjyYSQZBShLBYkaJsZLfehxEJElA4dawVncb7hx4lXglqaMS7WHtaxBJmqcgDOVEa99zMxMURBlGOUyrg1xDRuiYJOBbKkgKOijmJ0/xuVUiHEtlSxg8V39PFCTVepKGtjMlZqSXvZn4n+fnJr4JCiay3ICgi0VxzrGRePY/jpgCavjEEkIVs7diOiKKUGNTqtoQvOWXV0n3suG5De/+qt68LeOooFN0hi6Qh65RE7VQG3UQRRI9o1f05hjnxXl3Phata045c4L+wPn8AYMmkLw=</latexit><latexit sha1_base64="xHwU26hWRtN38ky22Mfls6fcE1w=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeix66bGC/YA0ls1mki7d7IbdjVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXZpxp47rfztr6xubWdmWnuru3f3BYOzruapkrCh0quVT9kGjgTEDHMMOhnykgacihF47vZn7vCZRmUjyYSQZBShLBYkaJsZLfehxEJElA4dawVncb7hx4lXglqaMS7WHtaxBJmqcgDOVEa99zMxMURBlGOUyrg1xDRuiYJOBbKkgKOijmJ0/xuVUiHEtlSxg8V39PFCTVepKGtjMlZqSXvZn4n+fnJr4JCiay3ICgi0VxzrGRePY/jpgCavjEEkIVs7diOiKKUGNTqtoQvOWXV0n3suG5De/+qt68LeOooFN0hi6Qh65RE7VQG3UQRRI9o1f05hjnxXl3Phata045c4L+wPn8AYMmkLw=</latexit><latexit sha1_base64="xHwU26hWRtN38ky22Mfls6fcE1w=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeix66bGC/YA0ls1mki7d7IbdjVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXZpxp47rfztr6xubWdmWnuru3f3BYOzruapkrCh0quVT9kGjgTEDHMMOhnykgacihF47vZn7vCZRmUjyYSQZBShLBYkaJsZLfehxEJElA4dawVncb7hx4lXglqaMS7WHtaxBJmqcgDOVEa99zMxMURBlGOUyrg1xDRuiYJOBbKkgKOijmJ0/xuVUiHEtlSxg8V39PFCTVepKGtjMlZqSXvZn4n+fnJr4JCiay3ICgi0VxzrGRePY/jpgCavjEEkIVs7diOiKKUGNTqtoQvOWXV0n3suG5De/+qt68LeOooFN0hi6Qh65RE7VQG3UQRRI9o1f05hjnxXl3Phata045c4L+wPn8AYMmkLw=</latexit><latexit sha1_base64="xHwU26hWRtN38ky22Mfls6fcE1w=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeix66bGC/YA0ls1mki7d7IbdjVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXZpxp47rfztr6xubWdmWnuru3f3BYOzruapkrCh0quVT9kGjgTEDHMMOhnykgacihF47vZn7vCZRmUjyYSQZBShLBYkaJsZLfehxEJElA4dawVncb7hx4lXglqaMS7WHtaxBJmqcgDOVEa99zMxMURBlGOUyrg1xDRuiYJOBbKkgKOijmJ0/xuVUiHEtlSxg8V39PFCTVepKGtjMlZqSXvZn4n+fnJr4JCiay3ICgi0VxzrGRePY/jpgCavjEEkIVs7diOiKKUGNTqtoQvOWXV0n3suG5De/+qt68LeOooFN0hi6Qh65RE7VQG3UQRRI9o1f05hjnxXl3Phata045c4L+wPn8AYMmkLw=</latexit>

EWSB:

!
<latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit><latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit><latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit><latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit>

L � ��HS vhS2
<latexit sha1_base64="LiX6PdTI+5gIwELXEBI5z8fpiIU="></latexit><latexit sha1_base64="LiX6PdTI+5gIwELXEBI5z8fpiIU="></latexit><latexit sha1_base64="LiX6PdTI+5gIwELXEBI5z8fpiIU="></latexit><latexit sha1_base64="LiX6PdTI+5gIwELXEBI5z8fpiIU="></latexit>

H ! (0, v + h)

L ! "
! HS

2
H   HS2

<latexit sha1_base64="GDlB4h+CHcetjTOFs03gUWe5bww="></latexit><latexit sha1_base64="GDlB4h+CHcetjTOFs03gUWe5bww="></latexit><latexit sha1_base64="GDlB4h+CHcetjTOFs03gUWe5bww="></latexit><latexit sha1_base64="GDlB4h+CHcetjTOFs03gUWe5bww="></latexit>
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!  the Higgs boson can be used to study the SM , e.g. 
the self-couplings via:

pp! hh
<latexit sha1_base64="PIV+j4ELH/DY2lX/qX54n49lqns=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsbtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMG8/7dkpr6xubW+Xtys7u3v6Be1hta5kpQltEcqm6IdaUM0FbhhlOu6miOAk57YTjm5nfeaBKMynuzSSlQYJHgkWMYGOlgVtNU9RXbBQbrJR8RDGKB27Nq3tzoFXiF6QGBZoD96s/lCRLqDCEY617vpeaIMfKMMLptNLPNE0xGeMR7VkqcEJ1kM9vn6JTqwxRJJUtYdBc/T2R40TrSRLazgSbWC97M/E/r5eZ6CrImUgzQwVZLIoyjoxEsyDQkClKDJ9Ygoli9lZEYqwwMTauig3BX355lbTP675X9+8uao3rIo4yHMMJnIEPl9CAW2hCCwg8wTO8wpszdV6cd+dj0Vpyipkj+APn8weCfpQU</latexit><latexit sha1_base64="PIV+j4ELH/DY2lX/qX54n49lqns=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsbtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMG8/7dkpr6xubW+Xtys7u3v6Be1hta5kpQltEcqm6IdaUM0FbhhlOu6miOAk57YTjm5nfeaBKMynuzSSlQYJHgkWMYGOlgVtNU9RXbBQbrJR8RDGKB27Nq3tzoFXiF6QGBZoD96s/lCRLqDCEY617vpeaIMfKMMLptNLPNE0xGeMR7VkqcEJ1kM9vn6JTqwxRJJUtYdBc/T2R40TrSRLazgSbWC97M/E/r5eZ6CrImUgzQwVZLIoyjoxEsyDQkClKDJ9Ygoli9lZEYqwwMTauig3BX355lbTP675X9+8uao3rIo4yHMMJnIEPl9CAW2hCCwg8wTO8wpszdV6cd+dj0Vpyipkj+APn8weCfpQU</latexit><latexit sha1_base64="PIV+j4ELH/DY2lX/qX54n49lqns=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsbtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMG8/7dkpr6xubW+Xtys7u3v6Be1hta5kpQltEcqm6IdaUM0FbhhlOu6miOAk57YTjm5nfeaBKMynuzSSlQYJHgkWMYGOlgVtNU9RXbBQbrJR8RDGKB27Nq3tzoFXiF6QGBZoD96s/lCRLqDCEY617vpeaIMfKMMLptNLPNE0xGeMR7VkqcEJ1kM9vn6JTqwxRJJUtYdBc/T2R40TrSRLazgSbWC97M/E/r5eZ6CrImUgzQwVZLIoyjoxEsyDQkClKDJ9Ygoli9lZEYqwwMTauig3BX355lbTP675X9+8uao3rIo4yHMMJnIEPl9CAW2hCCwg8wTO8wpszdV6cd+dj0Vpyipkj+APn8weCfpQU</latexit><latexit sha1_base64="PIV+j4ELH/DY2lX/qX54n49lqns=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsbtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMG8/7dkpr6xubW+Xtys7u3v6Be1hta5kpQltEcqm6IdaUM0FbhhlOu6miOAk57YTjm5nfeaBKMynuzSSlQYJHgkWMYGOlgVtNU9RXbBQbrJR8RDGKB27Nq3tzoFXiF6QGBZoD96s/lCRLqDCEY617vpeaIMfKMMLptNLPNE0xGeMR7VkqcEJ1kM9vn6JTqwxRJJUtYdBc/T2R40TrSRLazgSbWC97M/E/r5eZ6CrImUgzQwVZLIoyjoxEsyDQkClKDJ9Ygoli9lZEYqwwMTauig3BX355lbTP675X9+8uao3rIo4yHMMJnIEPl9CAW2hCCwg8wTO8wpszdV6cd+dj0Vpyipkj+APn8weCfpQU</latexit>

pp ! hhh
<latexit sha1_base64="ffGNPwcTpsI9ZXVEhpQiHeWytHg=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjgi6LblxWsK3QDiWTZtrQTCYkd5Q6FH/FjQtF3Pof7vwbM+0stPVcLhzOuZfcnFAJbsDzvp3S0vLK6lp5vbKxubW94+7utUySasqaNBGJvguJYYJL1gQOgt0pzUgcCtYOR1e5375n2vBE3sJYsSAmA8kjTglYqeceKIW7mg+GQLROHvAwr55b9WreFHiR+AWpogKNnvvV7Sc0jZkEKogxHd9TEGREA6eCTSrd1DBF6IgMWMdSSWJmgmx6/QQfW6WPo0TbloCn6u+NjMTGjOPQTsYEhmbey8X/vE4K0UWQcalSYJLOHopSgSHBeRS4zzWjIMaWEKq5vRXTIdGEgg2sYkPw57+8SFqnNd+r+Tdn1fplEUcZHaIjdIJ8dI7q6Bo1UBNR9Iie0St6c56cF+fd+ZiNlpxiZx/9gfP5A6iDlLA=</latexit><latexit sha1_base64="ffGNPwcTpsI9ZXVEhpQiHeWytHg=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjgi6LblxWsK3QDiWTZtrQTCYkd5Q6FH/FjQtF3Pof7vwbM+0stPVcLhzOuZfcnFAJbsDzvp3S0vLK6lp5vbKxubW94+7utUySasqaNBGJvguJYYJL1gQOgt0pzUgcCtYOR1e5375n2vBE3sJYsSAmA8kjTglYqeceKIW7mg+GQLROHvAwr55b9WreFHiR+AWpogKNnvvV7Sc0jZkEKogxHd9TEGREA6eCTSrd1DBF6IgMWMdSSWJmgmx6/QQfW6WPo0TbloCn6u+NjMTGjOPQTsYEhmbey8X/vE4K0UWQcalSYJLOHopSgSHBeRS4zzWjIMaWEKq5vRXTIdGEgg2sYkPw57+8SFqnNd+r+Tdn1fplEUcZHaIjdIJ8dI7q6Bo1UBNR9Iie0St6c56cF+fd+ZiNlpxiZx/9gfP5A6iDlLA=</latexit><latexit sha1_base64="ffGNPwcTpsI9ZXVEhpQiHeWytHg=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjgi6LblxWsK3QDiWTZtrQTCYkd5Q6FH/FjQtF3Pof7vwbM+0stPVcLhzOuZfcnFAJbsDzvp3S0vLK6lp5vbKxubW94+7utUySasqaNBGJvguJYYJL1gQOgt0pzUgcCtYOR1e5375n2vBE3sJYsSAmA8kjTglYqeceKIW7mg+GQLROHvAwr55b9WreFHiR+AWpogKNnvvV7Sc0jZkEKogxHd9TEGREA6eCTSrd1DBF6IgMWMdSSWJmgmx6/QQfW6WPo0TbloCn6u+NjMTGjOPQTsYEhmbey8X/vE4K0UWQcalSYJLOHopSgSHBeRS4zzWjIMaWEKq5vRXTIdGEgg2sYkPw57+8SFqnNd+r+Tdn1fplEUcZHaIjdIJ8dI7q6Bo1UBNR9Iie0St6c56cF+fd+ZiNlpxiZx/9gfP5A6iDlLA=</latexit><latexit sha1_base64="ffGNPwcTpsI9ZXVEhpQiHeWytHg=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjgi6LblxWsK3QDiWTZtrQTCYkd5Q6FH/FjQtF3Pof7vwbM+0stPVcLhzOuZfcnFAJbsDzvp3S0vLK6lp5vbKxubW94+7utUySasqaNBGJvguJYYJL1gQOgt0pzUgcCtYOR1e5375n2vBE3sJYsSAmA8kjTglYqeceKIW7mg+GQLROHvAwr55b9WreFHiR+AWpogKNnvvV7Sc0jZkEKogxHd9TEGREA6eCTSrd1DBF6IgMWMdSSWJmgmx6/QQfW6WPo0TbloCn6u+NjMTGjOPQTsYEhmbey8X/vE4K0UWQcalSYJLOHopSgSHBeRS4zzWjIMaWEKq5vRXTIdGEgg2sYkPw57+8SFqnNd+r+Tdn1fplEUcZHaIjdIJ8dI7q6Bo1UBNR9Iie0St6c56cF+fd+ZiNlpxiZx/9gfP5A6iDlLA=</latexit>

(also:                             ) 

[see talk by J. Baglio]



A. Papaefstathiou!7

or via associated production with vector bosons:

pp! hhV
<latexit sha1_base64="wOsTxjpyOscHmPxX6AZgb0mwxAE=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsTtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBXcgOd9O6W19Y3NrfJ2ZWd3b//APay2jco0ZS2qhNLdkBgmuGQt4CBYN9WMJKFgnXB8M/M7D0wbruQ9TFIWJGQkecQpASsN3Gqa4r7moxiI1uoRx3F74Na8ujcHXiV+QWqoQHPgfvWHimYJk0AFMabneykEOdHAqWDTSj8zLCV0TEasZ6kkCTNBPr99ik+tMsSR0rYk4Ln6eyIniTGTJLSdCYHYLHsz8T+vl0F0FeRcphkwSReLokxgUHgWBB5yzSiIiSWEam5vxTQmmlCwcVVsCP7yy6ukfV73vbp/d1FrXBdxlNExOkFnyEeXqIFuURO1EEVP6Bm9ojdn6rw4787HorXkFDNH6A+czx/UnpRK</latexit><latexit sha1_base64="wOsTxjpyOscHmPxX6AZgb0mwxAE=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsTtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBXcgOd9O6W19Y3NrfJ2ZWd3b//APay2jco0ZS2qhNLdkBgmuGQt4CBYN9WMJKFgnXB8M/M7D0wbruQ9TFIWJGQkecQpASsN3Gqa4r7moxiI1uoRx3F74Na8ujcHXiV+QWqoQHPgfvWHimYJk0AFMabneykEOdHAqWDTSj8zLCV0TEasZ6kkCTNBPr99ik+tMsSR0rYk4Ln6eyIniTGTJLSdCYHYLHsz8T+vl0F0FeRcphkwSReLokxgUHgWBB5yzSiIiSWEam5vxTQmmlCwcVVsCP7yy6ukfV73vbp/d1FrXBdxlNExOkFnyEeXqIFuURO1EEVP6Bm9ojdn6rw4787HorXkFDNH6A+czx/UnpRK</latexit><latexit sha1_base64="wOsTxjpyOscHmPxX6AZgb0mwxAE=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsTtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBXcgOd9O6W19Y3NrfJ2ZWd3b//APay2jco0ZS2qhNLdkBgmuGQt4CBYN9WMJKFgnXB8M/M7D0wbruQ9TFIWJGQkecQpASsN3Gqa4r7moxiI1uoRx3F74Na8ujcHXiV+QWqoQHPgfvWHimYJk0AFMabneykEOdHAqWDTSj8zLCV0TEasZ6kkCTNBPr99ik+tMsSR0rYk4Ln6eyIniTGTJLSdCYHYLHsz8T+vl0F0FeRcphkwSReLokxgUHgWBB5yzSiIiSWEam5vxTQmmlCwcVVsCP7yy6ukfV73vbp/d1FrXBdxlNExOkFnyEeXqIFuURO1EEVP6Bm9ojdn6rw4787HorXkFDNH6A+czx/UnpRK</latexit><latexit sha1_base64="wOsTxjpyOscHmPxX6AZgb0mwxAE=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsTtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MBXcgOd9O6W19Y3NrfJ2ZWd3b//APay2jco0ZS2qhNLdkBgmuGQt4CBYN9WMJKFgnXB8M/M7D0wbruQ9TFIWJGQkecQpASsN3Gqa4r7moxiI1uoRx3F74Na8ujcHXiV+QWqoQHPgfvWHimYJk0AFMabneykEOdHAqWDTSj8zLCV0TEasZ6kkCTNBPr99ik+tMsSR0rYk4Ln6eyIniTGTJLSdCYHYLHsz8T+vl0F0FeRcphkwSReLokxgUHgWBB5yzSiIiSWEam5vxTQmmlCwcVVsCP7yy6ukfV73vbp/d1FrXBdxlNExOkFnyEeXqIFuURO1EEVP6Bm9ojdn6rw4787HorXkFDNH6A+czx/UnpRK</latexit>pp! hV

<latexit sha1_base64="GuXGbsMpvHJsgt8Iy/ZegGVCMGk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeiF48VbCu0oWy2m2bpZrPsTiwl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5oRLcgOd9O6W19Y3NrfJ2ZWd3b//ArR62TZppylo0Fal+CIlhgkvWAg6CPSjNSBIK1glHNzO/88i04am8h4liQUKGkkecErBS360qhXuaD2MgWqdjHLf7bs2re3PgVeIXpIYKNPvuV2+Q0ixhEqggxnR9T0GQEw2cCjat9DLDFKEjMmRdSyVJmAny+elTfGqVAY5SbUsCnqu/J3KSGDNJQtuZEIjNsjcT//O6GURXQc6lyoBJulgUZQJDimc54AHXjIKYWEKo5vZWTGOiCQWbVsWG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUTRGz+gVvTlPzovz7nwsWktOMXOE/sD5/AELRpPY</latexit><latexit sha1_base64="GuXGbsMpvHJsgt8Iy/ZegGVCMGk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeiF48VbCu0oWy2m2bpZrPsTiwl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5oRLcgOd9O6W19Y3NrfJ2ZWd3b//ArR62TZppylo0Fal+CIlhgkvWAg6CPSjNSBIK1glHNzO/88i04am8h4liQUKGkkecErBS360qhXuaD2MgWqdjHLf7bs2re3PgVeIXpIYKNPvuV2+Q0ixhEqggxnR9T0GQEw2cCjat9DLDFKEjMmRdSyVJmAny+elTfGqVAY5SbUsCnqu/J3KSGDNJQtuZEIjNsjcT//O6GURXQc6lyoBJulgUZQJDimc54AHXjIKYWEKo5vZWTGOiCQWbVsWG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUTRGz+gVvTlPzovz7nwsWktOMXOE/sD5/AELRpPY</latexit><latexit sha1_base64="GuXGbsMpvHJsgt8Iy/ZegGVCMGk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeiF48VbCu0oWy2m2bpZrPsTiwl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5oRLcgOd9O6W19Y3NrfJ2ZWd3b//ArR62TZppylo0Fal+CIlhgkvWAg6CPSjNSBIK1glHNzO/88i04am8h4liQUKGkkecErBS360qhXuaD2MgWqdjHLf7bs2re3PgVeIXpIYKNPvuV2+Q0ixhEqggxnR9T0GQEw2cCjat9DLDFKEjMmRdSyVJmAny+elTfGqVAY5SbUsCnqu/J3KSGDNJQtuZEIjNsjcT//O6GURXQc6lyoBJulgUZQJDimc54AHXjIKYWEKo5vZWTGOiCQWbVsWG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUTRGz+gVvTlPzovz7nwsWktOMXOE/sD5/AELRpPY</latexit><latexit sha1_base64="GuXGbsMpvHJsgt8Iy/ZegGVCMGk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeiF48VbCu0oWy2m2bpZrPsTiwl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5oRLcgOd9O6W19Y3NrfJ2ZWd3b//ArR62TZppylo0Fal+CIlhgkvWAg6CPSjNSBIK1glHNzO/88i04am8h4liQUKGkkecErBS360qhXuaD2MgWqdjHLf7bs2re3PgVeIXpIYKNPvuV2+Q0ixhEqggxnR9T0GQEw2cCjat9DLDFKEjMmRdSyVJmAny+elTfGqVAY5SbUsCnqu/J3KSGDNJQtuZEIjNsjcT//O6GURXQc6lyoBJulgUZQJDimc54AHXjIKYWEKo5vZWTGOiCQWbVsWG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUTRGz+gVvTlPzovz7nwsWktOMXOE/sD5/AELRpPY</latexit>

(and:                             )

[this talk!]

V ! (k)
<latexit sha1_base64="d53UnjDeGWmK+oYMFj5rHd9Sijc=">AAAB7XicbZDNSgMxFIXv1L9a/6ou3QSLUF2UGRF0WXTjsoKdFtqxZNJMG5tJhiQjlKHv4MaFIm59H3e+jWk7C209EPg4915y7wkTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D3wtU0Vok0guVTvEmnImaNMww2k7URTHIaetcHQzrbeeqNJMinszTmgQ44FgESPYWMv3H86qo9NeueLW3JnQMng5VCBXo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7FgWOqQ6y2bYTdGKdPoqksk8YNHN/T2Q41noch7YzxmaoF2tT879aJzXRVZAxkaSGCjL/KEo5MhJNT0d9pigxfGwBE8XsrogMscLE2IBKNgRv8eRl8M9rnuW7i0r9Oo+jCEdwDFXw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh85nz9a145Q</latexit><latexit sha1_base64="d53UnjDeGWmK+oYMFj5rHd9Sijc=">AAAB7XicbZDNSgMxFIXv1L9a/6ou3QSLUF2UGRF0WXTjsoKdFtqxZNJMG5tJhiQjlKHv4MaFIm59H3e+jWk7C209EPg4915y7wkTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D3wtU0Vok0guVTvEmnImaNMww2k7URTHIaetcHQzrbeeqNJMinszTmgQ44FgESPYWMv3H86qo9NeueLW3JnQMng5VCBXo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7FgWOqQ6y2bYTdGKdPoqksk8YNHN/T2Q41noch7YzxmaoF2tT879aJzXRVZAxkaSGCjL/KEo5MhJNT0d9pigxfGwBE8XsrogMscLE2IBKNgRv8eRl8M9rnuW7i0r9Oo+jCEdwDFXw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh85nz9a145Q</latexit><latexit sha1_base64="d53UnjDeGWmK+oYMFj5rHd9Sijc=">AAAB7XicbZDNSgMxFIXv1L9a/6ou3QSLUF2UGRF0WXTjsoKdFtqxZNJMG5tJhiQjlKHv4MaFIm59H3e+jWk7C209EPg4915y7wkTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D3wtU0Vok0guVTvEmnImaNMww2k7URTHIaetcHQzrbeeqNJMinszTmgQ44FgESPYWMv3H86qo9NeueLW3JnQMng5VCBXo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7FgWOqQ6y2bYTdGKdPoqksk8YNHN/T2Q41noch7YzxmaoF2tT879aJzXRVZAxkaSGCjL/KEo5MhJNT0d9pigxfGwBE8XsrogMscLE2IBKNgRv8eRl8M9rnuW7i0r9Oo+jCEdwDFXw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh85nz9a145Q</latexit><latexit sha1_base64="d53UnjDeGWmK+oYMFj5rHd9Sijc=">AAAB7XicbZDNSgMxFIXv1L9a/6ou3QSLUF2UGRF0WXTjsoKdFtqxZNJMG5tJhiQjlKHv4MaFIm59H3e+jWk7C209EPg4915y7wkTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D3wtU0Vok0guVTvEmnImaNMww2k7URTHIaetcHQzrbeeqNJMinszTmgQ44FgESPYWMv3H86qo9NeueLW3JnQMng5VCBXo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7FgWOqQ6y2bYTdGKdPoqksk8YNHN/T2Q41noch7YzxmaoF2tT879aJzXRVZAxkaSGCjL/KEo5MhJNT0d9pigxfGwBE8XsrogMscLE2IBKNgRv8eRl8M9rnuW7i0r9Oo+jCEdwDFXw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh85nz9a145Q</latexit>

V = W, Z
<latexit sha1_base64="WUY+UfZSor4r08t5L4U3Ibou3JA=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEIHqQkIuhFKHrxWMF+YBvKZjtpl242cXcjlNA/4cWDIl79O978N27bHLT1hYWHd2bYmTdIBNfGdb+dpeWV1bX1wkZxc2t7Z7e0t9/QcaoY1lksYtUKqEbBJdYNNwJbiUIaBQKbwfBmUm8+odI8lvdmlKAf0b7kIWfUWKvVIFekeUoeuqWyW3GnIovg5VCGXLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbYuSRqj9bLrvmBxbp0fCWNknDZm6vycyGmk9igLbGVEz0PO1iflfrZ2a8NLPuExSg5LNPgpTQUxMJseTHlfIjBhZoExxuythA6ooMzaiog3Bmz95ERpnFc/y3Xm5ep3HUYBDOIIT8OACqnALNagDAwHP8ApvzqPz4rw7H7PWJSefOYA/cj5/APh2jpo=</latexit><latexit sha1_base64="WUY+UfZSor4r08t5L4U3Ibou3JA=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEIHqQkIuhFKHrxWMF+YBvKZjtpl242cXcjlNA/4cWDIl79O978N27bHLT1hYWHd2bYmTdIBNfGdb+dpeWV1bX1wkZxc2t7Z7e0t9/QcaoY1lksYtUKqEbBJdYNNwJbiUIaBQKbwfBmUm8+odI8lvdmlKAf0b7kIWfUWKvVIFekeUoeuqWyW3GnIovg5VCGXLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbYuSRqj9bLrvmBxbp0fCWNknDZm6vycyGmk9igLbGVEz0PO1iflfrZ2a8NLPuExSg5LNPgpTQUxMJseTHlfIjBhZoExxuythA6ooMzaiog3Bmz95ERpnFc/y3Xm5ep3HUYBDOIIT8OACqnALNagDAwHP8ApvzqPz4rw7H7PWJSefOYA/cj5/APh2jpo=</latexit><latexit sha1_base64="WUY+UfZSor4r08t5L4U3Ibou3JA=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEIHqQkIuhFKHrxWMF+YBvKZjtpl242cXcjlNA/4cWDIl79O978N27bHLT1hYWHd2bYmTdIBNfGdb+dpeWV1bX1wkZxc2t7Z7e0t9/QcaoY1lksYtUKqEbBJdYNNwJbiUIaBQKbwfBmUm8+odI8lvdmlKAf0b7kIWfUWKvVIFekeUoeuqWyW3GnIovg5VCGXLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbYuSRqj9bLrvmBxbp0fCWNknDZm6vycyGmk9igLbGVEz0PO1iflfrZ2a8NLPuExSg5LNPgpTQUxMJseTHlfIjBhZoExxuythA6ooMzaiog3Bmz95ERpnFc/y3Xm5ep3HUYBDOIIT8OACqnALNagDAwHP8ApvzqPz4rw7H7PWJSefOYA/cj5/APh2jpo=</latexit><latexit sha1_base64="WUY+UfZSor4r08t5L4U3Ibou3JA=">AAAB73icbZBNS8NAEIYnftb6VfXoZbEIHqQkIuhFKHrxWMF+YBvKZjtpl242cXcjlNA/4cWDIl79O978N27bHLT1hYWHd2bYmTdIBNfGdb+dpeWV1bX1wkZxc2t7Z7e0t9/QcaoY1lksYtUKqEbBJdYNNwJbiUIaBQKbwfBmUm8+odI8lvdmlKAf0b7kIWfUWKvVIFekeUoeuqWyW3GnIovg5VCGXLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwXOykGhPKhrSPbYuSRqj9bLrvmBxbp0fCWNknDZm6vycyGmk9igLbGVEz0PO1iflfrZ2a8NLPuExSg5LNPgpTQUxMJseTHlfIjBhZoExxuythA6ooMzaiog3Bmz95ERpnFc/y3Xm5ep3HUYBDOIIT8OACqnALNagDAwHP8ApvzqPz4rw7H7PWJSefOYA/cj5/APh2jpo=</latexit>

h
<latexit sha1_base64="qgYxBTCFiJYJlr1gvWqOWol7o+Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreZ4UK64VXchsg5eDhXI1RiUv/rDmKURSsME1brnuYnxM6oMZwJnpX6qMaFsQkfYsyhphNrPFovOyIV1hiSMlX3SkIX7eyKjkdbTKLCdETVjvVqbm//VeqkJb/yMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8AzfuM7A==</latexit><latexit sha1_base64="qgYxBTCFiJYJlr1gvWqOWol7o+Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreZ4UK64VXchsg5eDhXI1RiUv/rDmKURSsME1brnuYnxM6oMZwJnpX6qMaFsQkfYsyhphNrPFovOyIV1hiSMlX3SkIX7eyKjkdbTKLCdETVjvVqbm//VeqkJb/yMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8AzfuM7A==</latexit><latexit sha1_base64="qgYxBTCFiJYJlr1gvWqOWol7o+Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreZ4UK64VXchsg5eDhXI1RiUv/rDmKURSsME1brnuYnxM6oMZwJnpX6qMaFsQkfYsyhphNrPFovOyIV1hiSMlX3SkIX7eyKjkdbTKLCdETVjvVqbm//VeqkJb/yMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8AzfuM7A==</latexit><latexit sha1_base64="qgYxBTCFiJYJlr1gvWqOWol7o+Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreZ4UK64VXchsg5eDhXI1RiUv/rDmKURSsME1brnuYnxM6oMZwJnpX6qMaFsQkfYsyhphNrPFovOyIV1hiSMlX3SkIX7eyKjkdbTKLCdETVjvVqbm//VeqkJb/yMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8AzfuM7A==</latexit>

q
<latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit><latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit><latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit><latexit sha1_base64="SuDVn11cQ/9brAakVOXLh++og2Y=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfsBbSib7aRdu9nE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOxX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A25+M9Q==</latexit>

øq
<latexit sha1_base64="6VUKDDcPrkdxWTtM3nwResLWpik=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSiT7aZdutnE3Y1QQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqKWTTFHm00QkqhOiZoJL5htuBOukimEcCtYOx7ezevuJKc0T+WAmKQtiHEoecYrGWu1eiCp/nParNbfuzkVWwSugBoWa/epXb5DQLGbSUIFadz03NUGOynAq2LTSyzRLkY5xyLoWJcZMB/l83Sk5s86ARImyTxoyd39P5BhrPYlD2xmjGenl2sz8r9bNTHQd5FymmWGSLj6KMkFMQma3kwFXjBoxsYBUcbsroSNUSI1NqGJD8JZPXoXWRd2zfH9Za9wUcZThBE7hHDy4ggbcQRN8oDCGZ3iFNyd1Xpx352PRWnKKmWP4I+fzB5lXj7o=</latexit><latexit sha1_base64="6VUKDDcPrkdxWTtM3nwResLWpik=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSiT7aZdutnE3Y1QQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqKWTTFHm00QkqhOiZoJL5htuBOukimEcCtYOx7ezevuJKc0T+WAmKQtiHEoecYrGWu1eiCp/nParNbfuzkVWwSugBoWa/epXb5DQLGbSUIFadz03NUGOynAq2LTSyzRLkY5xyLoWJcZMB/l83Sk5s86ARImyTxoyd39P5BhrPYlD2xmjGenl2sz8r9bNTHQd5FymmWGSLj6KMkFMQma3kwFXjBoxsYBUcbsroSNUSI1NqGJD8JZPXoXWRd2zfH9Za9wUcZThBE7hHDy4ggbcQRN8oDCGZ3iFNyd1Xpx352PRWnKKmWP4I+fzB5lXj7o=</latexit><latexit sha1_base64="6VUKDDcPrkdxWTtM3nwResLWpik=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSiT7aZdutnE3Y1QQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqKWTTFHm00QkqhOiZoJL5htuBOukimEcCtYOx7ezevuJKc0T+WAmKQtiHEoecYrGWu1eiCp/nParNbfuzkVWwSugBoWa/epXb5DQLGbSUIFadz03NUGOynAq2LTSyzRLkY5xyLoWJcZMB/l83Sk5s86ARImyTxoyd39P5BhrPYlD2xmjGenl2sz8r9bNTHQd5FymmWGSLj6KMkFMQma3kwFXjBoxsYBUcbsroSNUSI1NqGJD8JZPXoXWRd2zfH9Za9wUcZThBE7hHDy4ggbcQRN8oDCGZ3iFNyd1Xpx352PRWnKKmWP4I+fzB5lXj7o=</latexit><latexit sha1_base64="6VUKDDcPrkdxWTtM3nwResLWpik=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgmkLbSiT7aZdutnE3Y1QQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jAVXBvX/XZKa+sbm1vl7crO7t7+QfXwqKWTTFHm00QkqhOiZoJL5htuBOukimEcCtYOx7ezevuJKc0T+WAmKQtiHEoecYrGWu1eiCp/nParNbfuzkVWwSugBoWa/epXb5DQLGbSUIFadz03NUGOynAq2LTSyzRLkY5xyLoWJcZMB/l83Sk5s86ARImyTxoyd39P5BhrPYlD2xmjGenl2sz8r9bNTHQd5FymmWGSLj6KMkFMQma3kwFXjBoxsYBUcbsroSNUSI1NqGJD8JZPXoXWRd2zfH9Za9wUcZThBE7hHDy4ggbcQRN8oDCGZ3iFNyd1Xpx352PRWnKKmWP4I+fzB5lXj7o=</latexit>

V ! (k)
<latexit sha1_base64="d53UnjDeGWmK+oYMFj5rHd9Sijc=">AAAB7XicbZDNSgMxFIXv1L9a/6ou3QSLUF2UGRF0WXTjsoKdFtqxZNJMG5tJhiQjlKHv4MaFIm59H3e+jWk7C209EPg4915y7wkTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D3wtU0Vok0guVTvEmnImaNMww2k7URTHIaetcHQzrbeeqNJMinszTmgQ44FgESPYWMv3H86qo9NeueLW3JnQMng5VCBXo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7FgWOqQ6y2bYTdGKdPoqksk8YNHN/T2Q41noch7YzxmaoF2tT879aJzXRVZAxkaSGCjL/KEo5MhJNT0d9pigxfGwBE8XsrogMscLE2IBKNgRv8eRl8M9rnuW7i0r9Oo+jCEdwDFXw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh85nz9a145Q</latexit><latexit sha1_base64="d53UnjDeGWmK+oYMFj5rHd9Sijc=">AAAB7XicbZDNSgMxFIXv1L9a/6ou3QSLUF2UGRF0WXTjsoKdFtqxZNJMG5tJhiQjlKHv4MaFIm59H3e+jWk7C209EPg4915y7wkTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D3wtU0Vok0guVTvEmnImaNMww2k7URTHIaetcHQzrbeeqNJMinszTmgQ44FgESPYWMv3H86qo9NeueLW3JnQMng5VCBXo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7FgWOqQ6y2bYTdGKdPoqksk8YNHN/T2Q41noch7YzxmaoF2tT879aJzXRVZAxkaSGCjL/KEo5MhJNT0d9pigxfGwBE8XsrogMscLE2IBKNgRv8eRl8M9rnuW7i0r9Oo+jCEdwDFXw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh85nz9a145Q</latexit><latexit sha1_base64="d53UnjDeGWmK+oYMFj5rHd9Sijc=">AAAB7XicbZDNSgMxFIXv1L9a/6ou3QSLUF2UGRF0WXTjsoKdFtqxZNJMG5tJhiQjlKHv4MaFIm59H3e+jWk7C209EPg4915y7wkTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D3wtU0Vok0guVTvEmnImaNMww2k7URTHIaetcHQzrbeeqNJMinszTmgQ44FgESPYWMv3H86qo9NeueLW3JnQMng5VCBXo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7FgWOqQ6y2bYTdGKdPoqksk8YNHN/T2Q41noch7YzxmaoF2tT879aJzXRVZAxkaSGCjL/KEo5MhJNT0d9pigxfGwBE8XsrogMscLE2IBKNgRv8eRl8M9rnuW7i0r9Oo+jCEdwDFXw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh85nz9a145Q</latexit><latexit sha1_base64="d53UnjDeGWmK+oYMFj5rHd9Sijc=">AAAB7XicbZDNSgMxFIXv1L9a/6ou3QSLUF2UGRF0WXTjsoKdFtqxZNJMG5tJhiQjlKHv4MaFIm59H3e+jWk7C209EPg4915y7wkTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D3wtU0Vok0guVTvEmnImaNMww2k7URTHIaetcHQzrbeeqNJMinszTmgQ44FgESPYWMv3H86qo9NeueLW3JnQMng5VCBXo1f+6vYlSWMqDOFY647nJibIsDKMcDopdVNNE0xGeEA7FgWOqQ6y2bYTdGKdPoqksk8YNHN/T2Q41noch7YzxmaoF2tT879aJzXRVZAxkaSGCjL/KEo5MhJNT0d9pigxfGwBE8XsrogMscLE2IBKNgRv8eRl8M9rnuW7i0r9Oo+jCEdwDFXw4BLqcAsNaAKBR3iGV3hzpPPivDsf89aCk88cwh85nz9a145Q</latexit>



A. Papaefstathiou

or by relating new particles to EWSB:

!8

pp ! hS
<latexit sha1_base64="4tj/9eeJbz+dDmrLsSVdSOs1u/U=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fj04rGi/YA2lM120yzdZJfdjVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXSs608bxvZ2V1bX1js7RV3t7Z3dt3DyotLTJFaJMILlQnxJpyltKmYYbTjlQUJyGn7XB0PfXbD1RpJtJ7M5Y0SPAwZREj2Fip71akRD3FhrHBSolHFKO7vlv1at4MaJn4BalCgUbf/eoNBMkSmhrCsdZd35MmyLEyjHA6KfcyTSUmIzykXUtTnFAd5LPbJ+jEKgMUCWUrNWim/p7IcaL1OAltZ4JNrBe9qfif181MdBnkLJWZoSmZL4oyjoxA0yDQgClKDB9bgoli9lZEYqwwMTausg3BX3x5mbTOar5X82/Pq/WrIo4SHMExnIIPF1CHG2hAEwg8wTO8wpszcV6cd+dj3rriFDOH8AfO5w9iqpP/</latexit><latexit sha1_base64="4tj/9eeJbz+dDmrLsSVdSOs1u/U=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fj04rGi/YA2lM120yzdZJfdjVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXSs608bxvZ2V1bX1js7RV3t7Z3dt3DyotLTJFaJMILlQnxJpyltKmYYbTjlQUJyGn7XB0PfXbD1RpJtJ7M5Y0SPAwZREj2Fip71akRD3FhrHBSolHFKO7vlv1at4MaJn4BalCgUbf/eoNBMkSmhrCsdZd35MmyLEyjHA6KfcyTSUmIzykXUtTnFAd5LPbJ+jEKgMUCWUrNWim/p7IcaL1OAltZ4JNrBe9qfif181MdBnkLJWZoSmZL4oyjoxA0yDQgClKDB9bgoli9lZEYqwwMTausg3BX3x5mbTOar5X82/Pq/WrIo4SHMExnIIPF1CHG2hAEwg8wTO8wpszcV6cd+dj3rriFDOH8AfO5w9iqpP/</latexit><latexit sha1_base64="4tj/9eeJbz+dDmrLsSVdSOs1u/U=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fj04rGi/YA2lM120yzdZJfdjVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXSs608bxvZ2V1bX1js7RV3t7Z3dt3DyotLTJFaJMILlQnxJpyltKmYYbTjlQUJyGn7XB0PfXbD1RpJtJ7M5Y0SPAwZREj2Fip71akRD3FhrHBSolHFKO7vlv1at4MaJn4BalCgUbf/eoNBMkSmhrCsdZd35MmyLEyjHA6KfcyTSUmIzykXUtTnFAd5LPbJ+jEKgMUCWUrNWim/p7IcaL1OAltZ4JNrBe9qfif181MdBnkLJWZoSmZL4oyjoxA0yDQgClKDB9bgoli9lZEYqwwMTausg3BX3x5mbTOar5X82/Pq/WrIo4SHMExnIIPF1CHG2hAEwg8wTO8wpszcV6cd+dj3rriFDOH8AfO5w9iqpP/</latexit><latexit sha1_base64="4tj/9eeJbz+dDmrLsSVdSOs1u/U=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fj04rGi/YA2lM120yzdZJfdjVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXSs608bxvZ2V1bX1js7RV3t7Z3dt3DyotLTJFaJMILlQnxJpyltKmYYbTjlQUJyGn7XB0PfXbD1RpJtJ7M5Y0SPAwZREj2Fip71akRD3FhrHBSolHFKO7vlv1at4MaJn4BalCgUbf/eoNBMkSmhrCsdZd35MmyLEyjHA6KfcyTSUmIzykXUtTnFAd5LPbJ+jEKgMUCWUrNWim/p7IcaL1OAltZ4JNrBe9qfif181MdBnkLJWZoSmZL4oyjoxA0yDQgClKDB9bgoli9lZEYqwwMTausg3BX3x5mbTOar5X82/Pq/WrIo4SHMExnIIPF1CHG2hAEwg8wTO8wpszcV6cd+dj3rriFDOH8AfO5w9iqpP/</latexit>
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FIG. 1: The diagrams contributing to the process gg !

hS ! (b̄b)(!! ) at the LHC at LO.

B. Production through quark-anti-quark
annihilation.

For the case of quark anti-quark annihilation, a new
diagram arises from the contact interactionqøqhS.! Both
contributing graphs are shown in Fig. 2. The new dia-
gram (b) distinguishes theqøq annihilation from the gluon
fusion case. An important fact is that now the hS pro-
cess is non-vanishing and signiÞcant even in the absence
of the portal coupling ! HS . This indicates that one can
employ this Þnal state to excludeqøq annihilation as the
dominant production process (in the absence of a signal).
In the following we will focus on the cases ofq = b, q = s
or q = c.

It will be useful in both scenarios to construct the ratio
of the associated production processpp ! hS, through
all possible intermediate states, with the subsequent de-
cay of the new resonance to a"" Þnal state, to that of
the single production pp ! S ! "" ,

#(xx ") =
$(xx " ! hS ! h"" )

$(xx " ! S ! "" )
, (7)

where we considerxx " = { gg, bøb, søs , cøc} .## The ratio is
a useful quantity since it removes the dependence on the
product of couplings of the new resonance to the initial-
state partons and Þnal-state photons. Moreover, it can
be used to absorb, at least approximately, theoretical and

! The t-channel diagram with the qøqh interaction is suppressed due
to a small Yukawa coupling.

"" In the most general setup, the analysis of this article can constrain
the sum of the squares of the couplings of S to all quark generations
(for a given ! HS ), appropriately weighted by the parton density
functions.
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FIG. 3: The ratios " (gg), " (b̄b), " (ss̄) and " (cc̄) for gg, b̄b,
ss̄ and cc̄ initial states respectively, defined between the asso-
ciated production pp ! hS ! h!! and the single production
pp ! S ! !! , as functions of the portal coupling #HS . The
mass of the scalar resonance was taken to be M = 750 GeV
and the width ! = 1 GeV.

We show the dependence of the ratio# on the portal
coupling ! HS in Fig. 3 for gg, bøb, søs and cøc initial states
for the example di-photon resonance massM = 750 GeV
and width ! = 1 GeV.àà A width of ! ! 1 GeV can be

   For a similar idea investigated in the context of Higgs boson pair
production, see [47].

ààWe employ a single cut of M !! > 200 GeV at generation level in
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B. Production through quark-anti-quark
annihilation.

For the case of quark anti-quark annihilation, a new
diagram arises from the contact interaction qq̄hS.! Both
contributing graphs are shown in Fig. 2. The new dia-
gram (b) distinguishes the qq̄ annihilation from the gluon
fusion case. An important fact is that now the hS pro-
cess is non-vanishing and significant even in the absence
of the portal coupling ! HS . This indicates that one can
employ this final state to exclude qq̄ annihilation as the
dominant production process (in the absence of a signal).
In the following we will focus on the cases of q = b, q = s
or q = c.

It will be useful in both scenarios to construct the ratio
of the associated production process pp ! hS, through
all possible intermediate states, with the subsequent de-
cay of the new resonance to a "" final state, to that of
the single production pp ! S ! "" ,

#(xx ") =
$(xx " ! hS ! h"" )

$(xx " ! S ! "" )
, (7)

where we consider xx " = { gg, b̄b, s̄s , c̄c} .## The ratio is
a useful quantity since it removes the dependence on the
product of couplings of the new resonance to the initial-
state partons and final-state photons. Moreover, it can
be used to absorb, at least approximately, theoretical and

! The t-channel diagram with the qøqh interaction is suppressed due
to a small Yukawa coupling.

"" In the most general setup, the analysis of this article can constrain
the sum of the squares of the couplings of S to all quark generations
(for a given �HS ), appropriately weighted by the parton density
functions.
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FIG. 3: The ratios " (gg), " (bøb), " (søs) and " (cøc) for gg, bøb,
søs and cøc initial states respectively, deÞned between the asso-
ciated production pp ! hS ! h!! and the single production
pp ! S ! !! , as functions of the portal coupling #HS . The
mass of the scalar resonance was taken to beM = 750 GeV
and the width � = 1 GeV.

We show the dependence of the ratio # on the portal
coupling ! HS in Fig. 3 for gg, b̄b, ss̄ and cc̄ initial states
for the example di-photon resonance mass M = 750 GeV
and width � = 1 GeV.àà A width of � ! 1 GeV can be

††For a similar idea investigated in the context of Higgs boson pair
production, see [47].

‡‡We employ a single cut of M �� > 200 GeV at generation level in
order to remove (SM-like) pp ! hh ! h�� interference with the
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<latexit sha1_base64="kvZgzxK4Vbrow2WzP7hDgVZ/h8I=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfuBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4AuMOM3g==</latexit><latexit sha1_base64="kvZgzxK4Vbrow2WzP7hDgVZ/h8I=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfuBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4AuMOM3g==</latexit><latexit sha1_base64="kvZgzxK4Vbrow2WzP7hDgVZ/h8I=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfuBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4AuMOM3g==</latexit><latexit sha1_base64="kvZgzxK4Vbrow2WzP7hDgVZ/h8I=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfuBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4AuMOM3g==</latexit>

Z ⇤
<latexit sha1_base64="KIeXvCcKchPa9pbpy5N+nv1Jw2w=">AAAB6nicbZBNS8NAEIYnftb6VfXoZbEI4qEkIuix6MVjRfuBbSyb7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjtLyyura+uFjeLm1vbObmlvv2HiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5P6s0nro2I1T2OEu5HtK9EKBhFa909PJ52S2W34k5FFsHLoQy5at3SV6cXszTiCpmkxrQ9N0E/oxoFk3xc7KSGJ5QNaZ+3LSoaceNn01XH5Ng6PRLG2j6FZOr+nshoZMwoCmxnRHFg5msT879aO8Xw0s+ESlLkis0+ClNJMCaTu0lPaM5QjixQpoXdlbAB1ZShTadoQ/DmT16ExlnFs3x7Xq5e5XEU4BCO4AQ8uIAq3EAN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8EfO5w/Rzo16</latexit><latexit sha1_base64="KIeXvCcKchPa9pbpy5N+nv1Jw2w=">AAAB6nicbZBNS8NAEIYnftb6VfXoZbEI4qEkIuix6MVjRfuBbSyb7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjtLyyura+uFjeLm1vbObmlvv2HiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5P6s0nro2I1T2OEu5HtK9EKBhFa909PJ52S2W34k5FFsHLoQy5at3SV6cXszTiCpmkxrQ9N0E/oxoFk3xc7KSGJ5QNaZ+3LSoaceNn01XH5Ng6PRLG2j6FZOr+nshoZMwoCmxnRHFg5msT879aO8Xw0s+ESlLkis0+ClNJMCaTu0lPaM5QjixQpoXdlbAB1ZShTadoQ/DmT16ExlnFs3x7Xq5e5XEU4BCO4AQ8uIAq3EAN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8EfO5w/Rzo16</latexit><latexit sha1_base64="KIeXvCcKchPa9pbpy5N+nv1Jw2w=">AAAB6nicbZBNS8NAEIYnftb6VfXoZbEI4qEkIuix6MVjRfuBbSyb7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjtLyyura+uFjeLm1vbObmlvv2HiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5P6s0nro2I1T2OEu5HtK9EKBhFa909PJ52S2W34k5FFsHLoQy5at3SV6cXszTiCpmkxrQ9N0E/oxoFk3xc7KSGJ5QNaZ+3LSoaceNn01XH5Ng6PRLG2j6FZOr+nshoZMwoCmxnRHFg5msT879aO8Xw0s+ESlLkis0+ClNJMCaTu0lPaM5QjixQpoXdlbAB1ZShTadoQ/DmT16ExlnFs3x7Xq5e5XEU4BCO4AQ8uIAq3EAN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8EfO5w/Rzo16</latexit><latexit sha1_base64="KIeXvCcKchPa9pbpy5N+nv1Jw2w=">AAAB6nicbZBNS8NAEIYnftb6VfXoZbEI4qEkIuix6MVjRfuBbSyb7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYXFh7emWFn3iCRwqDrfjtLyyura+uFjeLm1vbObmlvv2HiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5P6s0nro2I1T2OEu5HtK9EKBhFa909PJ52S2W34k5FFsHLoQy5at3SV6cXszTiCpmkxrQ9N0E/oxoFk3xc7KSGJ5QNaZ+3LSoaceNn01XH5Ng6PRLG2j6FZOr+nshoZMwoCmxnRHFg5msT879aO8Xw0s+ESlLkis0+ClNJMCaTu0lPaM5QjixQpoXdlbAB1ZShTadoQ/DmT16ExlnFs3x7Xq5e5XEU4BCO4AQ8uIAq3EAN6sCgD8/wCm+OdF6cd+dj1rrk5DMH8EfO5w/Rzo16</latexit>

note: e+e- machines 
primarily  through 
associated production!



A. Papaefstathiou!10

pp! hh
<latexit sha1_base64="PIV+j4ELH/DY2lX/qX54n49lqns=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsbtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMG8/7dkpr6xubW+Xtys7u3v6Be1hta5kpQltEcqm6IdaUM0FbhhlOu6miOAk57YTjm5nfeaBKMynuzSSlQYJHgkWMYGOlgVtNU9RXbBQbrJR8RDGKB27Nq3tzoFXiF6QGBZoD96s/lCRLqDCEY617vpeaIMfKMMLptNLPNE0xGeMR7VkqcEJ1kM9vn6JTqwxRJJUtYdBc/T2R40TrSRLazgSbWC97M/E/r5eZ6CrImUgzQwVZLIoyjoxEsyDQkClKDJ9Ygoli9lZEYqwwMTauig3BX355lbTP675X9+8uao3rIo4yHMMJnIEPl9CAW2hCCwg8wTO8wpszdV6cd+dj0Vpyipkj+APn8weCfpQU</latexit><latexit sha1_base64="PIV+j4ELH/DY2lX/qX54n49lqns=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsbtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMG8/7dkpr6xubW+Xtys7u3v6Be1hta5kpQltEcqm6IdaUM0FbhhlOu6miOAk57YTjm5nfeaBKMynuzSSlQYJHgkWMYGOlgVtNU9RXbBQbrJR8RDGKB27Nq3tzoFXiF6QGBZoD96s/lCRLqDCEY617vpeaIMfKMMLptNLPNE0xGeMR7VkqcEJ1kM9vn6JTqwxRJJUtYdBc/T2R40TrSRLazgSbWC97M/E/r5eZ6CrImUgzQwVZLIoyjoxEsyDQkClKDJ9Ygoli9lZEYqwwMTauig3BX355lbTP675X9+8uao3rIo4yHMMJnIEPl9CAW2hCCwg8wTO8wpszdV6cd+dj0Vpyipkj+APn8weCfpQU</latexit><latexit sha1_base64="PIV+j4ELH/DY2lX/qX54n49lqns=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsbtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMG8/7dkpr6xubW+Xtys7u3v6Be1hta5kpQltEcqm6IdaUM0FbhhlOu6miOAk57YTjm5nfeaBKMynuzSSlQYJHgkWMYGOlgVtNU9RXbBQbrJR8RDGKB27Nq3tzoFXiF6QGBZoD96s/lCRLqDCEY617vpeaIMfKMMLptNLPNE0xGeMR7VkqcEJ1kM9vn6JTqwxRJJUtYdBc/T2R40TrSRLazgSbWC97M/E/r5eZ6CrImUgzQwVZLIoyjoxEsyDQkClKDJ9Ygoli9lZEYqwwMTauig3BX355lbTP675X9+8uao3rIo4yHMMJnIEPl9CAW2hCCwg8wTO8wpszdV6cd+dj0Vpyipkj+APn8weCfpQU</latexit><latexit sha1_base64="PIV+j4ELH/DY2lX/qX54n49lqns=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiF48V7Ae0oWy2m2bpZjfsbtQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMG8/7dkpr6xubW+Xtys7u3v6Be1hta5kpQltEcqm6IdaUM0FbhhlOu6miOAk57YTjm5nfeaBKMynuzSSlQYJHgkWMYGOlgVtNU9RXbBQbrJR8RDGKB27Nq3tzoFXiF6QGBZoD96s/lCRLqDCEY617vpeaIMfKMMLptNLPNE0xGeMR7VkqcEJ1kM9vn6JTqwxRJJUtYdBc/T2R40TrSRLazgSbWC97M/E/r5eZ6CrImUgzQwVZLIoyjoxEsyDQkClKDJ9Ygoli9lZEYqwwMTauig3BX355lbTP675X9+8uao3rIo4yHMMJnIEPl9CAW2hCCwg8wTO8wpszdV6cd+dj0Vpyipkj+APn8weCfpQU</latexit>

pp! hV
<latexit sha1_base64="GuXGbsMpvHJsgt8Iy/ZegGVCMGk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeiF48VbCu0oWy2m2bpZrPsTiwl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5oRLcgOd9O6W19Y3NrfJ2ZWd3b//ArR62TZppylo0Fal+CIlhgkvWAg6CPSjNSBIK1glHNzO/88i04am8h4liQUKGkkecErBS360qhXuaD2MgWqdjHLf7bs2re3PgVeIXpIYKNPvuV2+Q0ixhEqggxnR9T0GQEw2cCjat9DLDFKEjMmRdSyVJmAny+elTfGqVAY5SbUsCnqu/J3KSGDNJQtuZEIjNsjcT//O6GURXQc6lyoBJulgUZQJDimc54AHXjIKYWEKo5vZWTGOiCQWbVsWG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUTRGz+gVvTlPzovz7nwsWktOMXOE/sD5/AELRpPY</latexit><latexit sha1_base64="GuXGbsMpvHJsgt8Iy/ZegGVCMGk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeiF48VbCu0oWy2m2bpZrPsTiwl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5oRLcgOd9O6W19Y3NrfJ2ZWd3b//ArR62TZppylo0Fal+CIlhgkvWAg6CPSjNSBIK1glHNzO/88i04am8h4liQUKGkkecErBS360qhXuaD2MgWqdjHLf7bs2re3PgVeIXpIYKNPvuV2+Q0ixhEqggxnR9T0GQEw2cCjat9DLDFKEjMmRdSyVJmAny+elTfGqVAY5SbUsCnqu/J3KSGDNJQtuZEIjNsjcT//O6GURXQc6lyoBJulgUZQJDimc54AHXjIKYWEKo5vZWTGOiCQWbVsWG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUTRGz+gVvTlPzovz7nwsWktOMXOE/sD5/AELRpPY</latexit><latexit sha1_base64="GuXGbsMpvHJsgt8Iy/ZegGVCMGk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeiF48VbCu0oWy2m2bpZrPsTiwl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5oRLcgOd9O6W19Y3NrfJ2ZWd3b//ArR62TZppylo0Fal+CIlhgkvWAg6CPSjNSBIK1glHNzO/88i04am8h4liQUKGkkecErBS360qhXuaD2MgWqdjHLf7bs2re3PgVeIXpIYKNPvuV2+Q0ixhEqggxnR9T0GQEw2cCjat9DLDFKEjMmRdSyVJmAny+elTfGqVAY5SbUsCnqu/J3KSGDNJQtuZEIjNsjcT//O6GURXQc6lyoBJulgUZQJDimc54AHXjIKYWEKo5vZWTGOiCQWbVsWG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUTRGz+gVvTlPzovz7nwsWktOMXOE/sD5/AELRpPY</latexit><latexit sha1_base64="GuXGbsMpvHJsgt8Iy/ZegGVCMGk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIoMeiF48VbCu0oWy2m2bpZrPsTiwl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5oRLcgOd9O6W19Y3NrfJ2ZWd3b//ArR62TZppylo0Fal+CIlhgkvWAg6CPSjNSBIK1glHNzO/88i04am8h4liQUKGkkecErBS360qhXuaD2MgWqdjHLf7bs2re3PgVeIXpIYKNPvuV2+Q0ixhEqggxnR9T0GQEw2cCjat9DLDFKEjMmRdSyVJmAny+elTfGqVAY5SbUsCnqu/J3KSGDNJQtuZEIjNsjcT//O6GURXQc6lyoBJulgUZQJDimc54AHXjIKYWEKo5vZWTGOiCQWbVsWG4C+/vEra53Xfq/t3F7XGdRFHGR2jE3SGfHSJGugWNVELUTRGz+gVvTlPzovz7nwsWktOMXOE/sD5/AELRpPY</latexit>

pp ! hS
<latexit sha1_base64="4tj/9eeJbz+dDmrLsSVdSOs1u/U=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fj04rGi/YA2lM120yzdZJfdjVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXSs608bxvZ2V1bX1js7RV3t7Z3dt3DyotLTJFaJMILlQnxJpyltKmYYbTjlQUJyGn7XB0PfXbD1RpJtJ7M5Y0SPAwZREj2Fip71akRD3FhrHBSolHFKO7vlv1at4MaJn4BalCgUbf/eoNBMkSmhrCsdZd35MmyLEyjHA6KfcyTSUmIzykXUtTnFAd5LPbJ+jEKgMUCWUrNWim/p7IcaL1OAltZ4JNrBe9qfif181MdBnkLJWZoSmZL4oyjoxA0yDQgClKDB9bgoli9lZEYqwwMTausg3BX3x5mbTOar5X82/Pq/WrIo4SHMExnIIPF1CHG2hAEwg8wTO8wpszcV6cd+dj3rriFDOH8AfO5w9iqpP/</latexit><latexit sha1_base64="4tj/9eeJbz+dDmrLsSVdSOs1u/U=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fj04rGi/YA2lM120yzdZJfdjVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXSs608bxvZ2V1bX1js7RV3t7Z3dt3DyotLTJFaJMILlQnxJpyltKmYYbTjlQUJyGn7XB0PfXbD1RpJtJ7M5Y0SPAwZREj2Fip71akRD3FhrHBSolHFKO7vlv1at4MaJn4BalCgUbf/eoNBMkSmhrCsdZd35MmyLEyjHA6KfcyTSUmIzykXUtTnFAd5LPbJ+jEKgMUCWUrNWim/p7IcaL1OAltZ4JNrBe9qfif181MdBnkLJWZoSmZL4oyjoxA0yDQgClKDB9bgoli9lZEYqwwMTausg3BX3x5mbTOar5X82/Pq/WrIo4SHMExnIIPF1CHG2hAEwg8wTO8wpszcV6cd+dj3rriFDOH8AfO5w9iqpP/</latexit><latexit sha1_base64="4tj/9eeJbz+dDmrLsSVdSOs1u/U=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fj04rGi/YA2lM120yzdZJfdjVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXSs608bxvZ2V1bX1js7RV3t7Z3dt3DyotLTJFaJMILlQnxJpyltKmYYbTjlQUJyGn7XB0PfXbD1RpJtJ7M5Y0SPAwZREj2Fip71akRD3FhrHBSolHFKO7vlv1at4MaJn4BalCgUbf/eoNBMkSmhrCsdZd35MmyLEyjHA6KfcyTSUmIzykXUtTnFAd5LPbJ+jEKgMUCWUrNWim/p7IcaL1OAltZ4JNrBe9qfif181MdBnkLJWZoSmZL4oyjoxA0yDQgClKDB9bgoli9lZEYqwwMTausg3BX3x5mbTOar5X82/Pq/WrIo4SHMExnIIPF1CHG2hAEwg8wTO8wpszcV6cd+dj3rriFDOH8AfO5w9iqpP/</latexit><latexit sha1_base64="4tj/9eeJbz+dDmrLsSVdSOs1u/U=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVBIR9Fj04rGi/YA2lM120yzdZJfdjVpC/4oXD4p49Y9489+4bXPQ1gcDj/dmmJkXSs608bxvZ2V1bX1js7RV3t7Z3dt3DyotLTJFaJMILlQnxJpyltKmYYbTjlQUJyGn7XB0PfXbD1RpJtJ7M5Y0SPAwZREj2Fip71akRD3FhrHBSolHFKO7vlv1at4MaJn4BalCgUbf/eoNBMkSmhrCsdZd35MmyLEyjHA6KfcyTSUmIzykXUtTnFAd5LPbJ+jEKgMUCWUrNWim/p7IcaL1OAltZ4JNrBe9qfif181MdBnkLJWZoSmZL4oyjoxA0yDQgClKDB9bgoli9lZEYqwwMTausg3BX3x5mbTOar5X82/Pq/WrIo4SHMExnIIPF1CHG2hAEwg8wTO8wpszcV6cd+dj3rriFDOH8AfO5w9iqpP/</latexit>

[see talk by J. Baglio]

this talk!

 

 

 [not this talk, but see appendices]

Higgs associated production:

 pp ! htøt, pp ! h + jets , [...]
<latexit sha1_base64="W8kPVCNHw+MS8BiLgLzi6ZgDRos=">AAACKHicbZDLSsNAFIYn9VbrrerSzWARBCUkIujOohuXFewFklAm00kzOrkwc6KUUN/Gja/iRkSRbn0Sp20W2npg4OP/z2HO+f1UcAWWNTJKC4tLyyvl1cra+sbmVnV7p6WSTFLWpIlIZMcnigkesyZwEKyTSkYiX7C2f3819tsPTCqexLcwSJkXkX7MA04JaKlbvUhT7EreD4FImTziEFyfyByGx0+zzpEbEQhllN8xUNp3TNP0utWaZVqTwvNgF1BDRTW61Xe3l9AsYjFQQZRybCsFLycSOBVsWHEzxVJC70mfORpjEjHl5ZNDh/hAKz0cJFK/GPBE/T2Rk0ipQeTrzvGuatYbi/95TgbBuZfzOM2AxXT6UZAJDAkep4Z7XDIKYqCBUMn1rpiGRBIKOtuKDsGePXkeWiemrfnmtFa/LOIooz20jw6Rjc5QHV2jBmoiip7RK/pAn8aL8WZ8GaNpa8koZnbRnzK+fwA5gadA</latexit><latexit sha1_base64="W8kPVCNHw+MS8BiLgLzi6ZgDRos=">AAACKHicbZDLSsNAFIYn9VbrrerSzWARBCUkIujOohuXFewFklAm00kzOrkwc6KUUN/Gja/iRkSRbn0Sp20W2npg4OP/z2HO+f1UcAWWNTJKC4tLyyvl1cra+sbmVnV7p6WSTFLWpIlIZMcnigkesyZwEKyTSkYiX7C2f3819tsPTCqexLcwSJkXkX7MA04JaKlbvUhT7EreD4FImTziEFyfyByGx0+zzpEbEQhllN8xUNp3TNP0utWaZVqTwvNgF1BDRTW61Xe3l9AsYjFQQZRybCsFLycSOBVsWHEzxVJC70mfORpjEjHl5ZNDh/hAKz0cJFK/GPBE/T2Rk0ipQeTrzvGuatYbi/95TgbBuZfzOM2AxXT6UZAJDAkep4Z7XDIKYqCBUMn1rpiGRBIKOtuKDsGePXkeWiemrfnmtFa/LOIooz20jw6Rjc5QHV2jBmoiip7RK/pAn8aL8WZ8GaNpa8koZnbRnzK+fwA5gadA</latexit><latexit sha1_base64="W8kPVCNHw+MS8BiLgLzi6ZgDRos=">AAACKHicbZDLSsNAFIYn9VbrrerSzWARBCUkIujOohuXFewFklAm00kzOrkwc6KUUN/Gja/iRkSRbn0Sp20W2npg4OP/z2HO+f1UcAWWNTJKC4tLyyvl1cra+sbmVnV7p6WSTFLWpIlIZMcnigkesyZwEKyTSkYiX7C2f3819tsPTCqexLcwSJkXkX7MA04JaKlbvUhT7EreD4FImTziEFyfyByGx0+zzpEbEQhllN8xUNp3TNP0utWaZVqTwvNgF1BDRTW61Xe3l9AsYjFQQZRybCsFLycSOBVsWHEzxVJC70mfORpjEjHl5ZNDh/hAKz0cJFK/GPBE/T2Rk0ipQeTrzvGuatYbi/95TgbBuZfzOM2AxXT6UZAJDAkep4Z7XDIKYqCBUMn1rpiGRBIKOtuKDsGePXkeWiemrfnmtFa/LOIooz20jw6Rjc5QHV2jBmoiip7RK/pAn8aL8WZ8GaNpa8koZnbRnzK+fwA5gadA</latexit><latexit sha1_base64="W8kPVCNHw+MS8BiLgLzi6ZgDRos=">AAACKHicbZDLSsNAFIYn9VbrrerSzWARBCUkIujOohuXFewFklAm00kzOrkwc6KUUN/Gja/iRkSRbn0Sp20W2npg4OP/z2HO+f1UcAWWNTJKC4tLyyvl1cra+sbmVnV7p6WSTFLWpIlIZMcnigkesyZwEKyTSkYiX7C2f3819tsPTCqexLcwSJkXkX7MA04JaKlbvUhT7EreD4FImTziEFyfyByGx0+zzpEbEQhllN8xUNp3TNP0utWaZVqTwvNgF1BDRTW61Xe3l9AsYjFQQZRybCsFLycSOBVsWHEzxVJC70mfORpjEjHl5ZNDh/hAKz0cJFK/GPBE/T2Rk0ipQeTrzvGuatYbi/95TgbBuZfzOM2AxXT6UZAJDAkep4Z7XDIKYqCBUMn1rpiGRBIKOtuKDsGePXkeWiemrfnmtFa/LOIooz20jw6Rjc5QHV2jBmoiip7RK/pAn8aL8WZ8GaNpa8koZnbRnzK+fwA5gadA</latexit>

[not this talk, but extremely interesting!]
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Higgs+Vector boson

!11

observed in LHC Run II data: !
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[ATLAS, 1708.03299, CMS 1709.07497]
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Figure 2: The post-Þt distributions forEmiss
T (top left), mW

T (middle left), m!! (bottom left) andmbb (right) in the
0-lepton (top), 1-lepton (middle) and 2-lepton (bottom) channels for 2-jet, 2-b-tag events in the highpV

T region.
The background contributions after the global likelihood Þt are shown as Þlled histograms. The Higgs boson signal
(mH = 125 GeV) is shown as a Þlled histogram on top of the Þtted backgrounds normalised to the signal yield
extracted from data (µ = 1.20), and unstacked as an unÞlled histogram, scaled by the factor indicated in the legend.
The entries in overßow are included in the last bin. The dashed histogram shows the total background as expected
from the pre-Þt MC simulation. The size of the combined statistical and systematic uncertainty for the sum of the
Þtted signal and background is indicated by the hatched band. The ratio of the data to the sum of the Þtted signal
and background is shown in the lower panel.
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7.1 Extraction of VZ with Z ! bb 21

µBest fit 
1− 0 1 2 3
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  2 lept.
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1 lept.

 0.5± = 0.0 µ

  0 lept.
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WH(bb)

 0.5± =  0.9 µ

  ZH(bb)

 (13 TeV)-135.9 fb

 0.4 ± = 1.2 µ Combined

CMS
 b b→ VH; H →pp 

Figure 6: The best Þt value of the signal strength µ, at mH = 125.09 GeV, is shown in black
with a green uncertainty band. Also shown are the results of a separate Þt where each channel
is assigned an independent signal strength parameter. Above the dashed line are the WH and
ZH signal strengths derived from a Þt where each production mode is assigned an independent
signal strength parameter.
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Figure 7: Weighted dijet invariant mass distribution for events in all channels combined.
Shown are data and the VH and VZ processes with all other background processes subtracted.
Weights are derived from the event BDT output distribution as described in the text.

[Weighted dijet invariant 
mass distribution for events 
in all channels combined. 
Shown are data and the VH 
and VZ processes with all 
other background processes 
subtracted.]

[The post-Þt distributions for the bottom-anti-bottom invariant mass.]

V h(! bøb)
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Drell-Yan-like pp "  hV

!12

! V H
DY !

!
dk2! V !

(k2)
d! V ! ! V H

dk2
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¥ known to NNLO in QCD. [e.g. Brein, Djouadi, Harlander, hep-ph/0307206]

¥ electro-weak corrections also known. 
[Ciccolini, Dittmaier, KrŠmer hep-ph/0306234, Denner, Dittmaier, Kallweit, MŸck 1112.5242]

V ! (k)
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V = W, Z
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Figure 1 : Sample Feynman diagrams that contribute to the gg ! ZH process
at leading order.

produced in qøq annihilation, from the ones due to the gluon-initiated processgg ! ZH .
First steps in this direction have been taken in Refs. [9] and [10]. In the latter paper, it
was pointed out that the relative contribution of the gg ! ZH process toZH production
depends strongly on the kinematical region of the Þnal state. For example, while it
constitutes only about 6% of the total cross section (at order! 2

s), its relative contribution
is more than twice as large in the so-called boosted regime,pT > 150 GeV. Clearly, such
an e! ect needs to be taken into account in experimental analyses of theZH production
process, in particular since it carries such a large sensitivity to New Physics.

In this paper, we propose a data-driven strategy to extract the gluon-initiated compo-
nent (or, more precisely, the non-DY component) for ZH production. It is based on the
comparison of the ZH to the WH cross section and the corresponding invariant mass
distribution of the VH system. The required theory input in the SM is the ratio of the
DY-like components for ZH and WH production, which can be predicted very reliably
already now, and is expected to improve even further in the foreseeable future. We study
the impact of various possible structures in models for New Physics, such as modiÞed
Yukawa couplings, extended Higgs sectors, or vector-like quarks (VLQ s). In order to
estimate the expected experimental uncertainties, we simulate a recentATLAS analysis
with Monte-Carlo events, and extrapolate it to higher luminosities. We Þnd that the
estimate of systematic uncertainties becomes the limiting factor for the measurement,
highlighting the importance of a detailed investigation of systematic e! ects, and poten-
tially an optimization of the experimental analysis towards the extraction of this ratio
from data.

3

¥ formally: an NNLO QCD contribution to pp "  hZ.

¥ exact QCD corrections currently not available.

¥ (and no estimates of EW corrections.)

¥ @LHC: ~7% of hZ ! , ~16% with pT(h) > 150 GeV.

h

[Altenkamp, Dittmaier, Harlander, Rzehak, Zirke, 1211.5015, Harlander, Kulesza, Theeuwes, Zirke, 1410.0217, Hasselhuhn, Luthe, Steinhauser, 1611.05881 ]

h

gg "  hZ
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probing gg "  hZ using ratios

¥ The general idea:

¥ Drell-Yan pp "  hW and pp "  hZ are similar.*

¥ ratio of signal strengths of (pp "  hZ) and (pp "  hW):

!  cancel some theoretical and experimental 
(systematic) uncertainties.

¥ potential discovery of SM gg "  hZ @ LHC (L=3000 fb-1). 

[Harlander, Klappert, Pandini, AP, 1804.02299]

[* the symmetry between V = W and V = Z has been used before 
as a way to measure the W boson mass at hadron colliders, see 
Giele, Keller, hep-ph/9704419.]
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probing gg "  hZ using ratios
¥ ratio of signal strengths of (pp "  hZ) and (pp "  hW):

[Harlander, Klappert, Pandini, AP, 1804.02299]

R =
µZh

µWh
<latexit sha1_base64="CnCbsGGptHkyN93PGOlwcafOjQQ=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiQi6EYounFZxT6wCWUynbRDZ5IwMxFKyAe48VfcuFDErR/gzr9xmmahrQcGzj3nXu7c48ecKW3b31ZpaXllda28XtnY3Nreqe7utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tjj6+mfueBSsWi8E5PYuoJPAxZwAjWRupXa7foArmBxCRFrkj66f0oQxkqik5emC67budAi8QpSA0KNPvVL3cQkUTQUBOOleo5dqy9FEvNCKdZxU0UjTEZ4yHtGRpiQZWX5sdk6MgoAxRE0rxQo1z9PZFiodRE+KZTYD1S895U/M/rJTo491IWxommIZktChKOdISmyaABk5RoPjEEE8nMXxEZYZOMNvlVTAjO/MmLpH1Sd+y6c3Naa1wWcZThAA7hGBw4gwZcQxNaQOARnuEV3qwn68V6tz5mrSWrmNmHP7A+fwDDF5or</latexit><latexit sha1_base64="CnCbsGGptHkyN93PGOlwcafOjQQ=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiQi6EYounFZxT6wCWUynbRDZ5IwMxFKyAe48VfcuFDErR/gzr9xmmahrQcGzj3nXu7c48ecKW3b31ZpaXllda28XtnY3Nreqe7utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tjj6+mfueBSsWi8E5PYuoJPAxZwAjWRupXa7foArmBxCRFrkj66f0oQxkqik5emC67budAi8QpSA0KNPvVL3cQkUTQUBOOleo5dqy9FEvNCKdZxU0UjTEZ4yHtGRpiQZWX5sdk6MgoAxRE0rxQo1z9PZFiodRE+KZTYD1S895U/M/rJTo491IWxommIZktChKOdISmyaABk5RoPjEEE8nMXxEZYZOMNvlVTAjO/MmLpH1Sd+y6c3Naa1wWcZThAA7hGBw4gwZcQxNaQOARnuEV3qwn68V6tz5mrSWrmNmHP7A+fwDDF5or</latexit><latexit sha1_base64="CnCbsGGptHkyN93PGOlwcafOjQQ=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiQi6EYounFZxT6wCWUynbRDZ5IwMxFKyAe48VfcuFDErR/gzr9xmmahrQcGzj3nXu7c48ecKW3b31ZpaXllda28XtnY3Nreqe7utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tjj6+mfueBSsWi8E5PYuoJPAxZwAjWRupXa7foArmBxCRFrkj66f0oQxkqik5emC67budAi8QpSA0KNPvVL3cQkUTQUBOOleo5dqy9FEvNCKdZxU0UjTEZ4yHtGRpiQZWX5sdk6MgoAxRE0rxQo1z9PZFiodRE+KZTYD1S895U/M/rJTo491IWxommIZktChKOdISmyaABk5RoPjEEE8nMXxEZYZOMNvlVTAjO/MmLpH1Sd+y6c3Naa1wWcZThAA7hGBw4gwZcQxNaQOARnuEV3qwn68V6tz5mrSWrmNmHP7A+fwDDF5or</latexit><latexit sha1_base64="CnCbsGGptHkyN93PGOlwcafOjQQ=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgqiQi6EYounFZxT6wCWUynbRDZ5IwMxFKyAe48VfcuFDErR/gzr9xmmahrQcGzj3nXu7c48ecKW3b31ZpaXllda28XtnY3Nreqe7utVWUSEJbJOKR7PpYUc5C2tJMc9qNJcXC57Tjj6+mfueBSsWi8E5PYuoJPAxZwAjWRupXa7foArmBxCRFrkj66f0oQxkqik5emC67budAi8QpSA0KNPvVL3cQkUTQUBOOleo5dqy9FEvNCKdZxU0UjTEZ4yHtGRpiQZWX5sdk6MgoAxRE0rxQo1z9PZFiodRE+KZTYD1S895U/M/rJTo491IWxommIZktChKOdISmyaABk5RoPjEEE8nMXxEZYZOMNvlVTAjO/MmLpH1Sd+y6c3Naa1wWcZThAA7hGBw4gwZcQxNaQOARnuEV3qwn68V6tz5mrSWrmNmHP7A+fwDDF5or</latexit>

µV h !
! measured

V h

! theory
V h

<latexit sha1_base64="gfhtzqhDXLCwn1c2IZ9oUCrgGkQ="></latexit><latexit sha1_base64="gfhtzqhDXLCwn1c2IZ9oUCrgGkQ="></latexit><latexit sha1_base64="gfhtzqhDXLCwn1c2IZ9oUCrgGkQ="></latexit><latexit sha1_base64="gfhtzqhDXLCwn1c2IZ9oUCrgGkQ="></latexit>

!
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

¥ error propagation:

the correlation between the signal strengths.

[systematic uncertainties should be correlated]

!
<latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit><latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit><latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit><latexit sha1_base64="E+ql3SgwjIInsFzh7/ZNPWlwHRk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMVWwtpKJvtpl262Q27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9Hoeuo/PDJtuJL3OE5ZmJCB5DGnBK0UdO/4YIhEa/XUq9a8ujeDu0z8gtSgQLNX/er2Fc0SJpEKYkzgeymGOdHIqWCTSjczLCV0RAYssFSShJkwn508cU+s0ndjpW1JdGfq74mcJMaMk8h2JgSHZtGbiv95QYbxZZhzmWbIJJ0vijPhonKn/7t9rhlFMbaEUM3trS4dEk0o2pQqNgR/8eVl0j6r+17dvz2vNa6KOMpwBMdwCj5cQANuoAktoKDgGV7hzUHnxXl3PuatJaeYOYQ/cD5/AJEbkW0=</latexit>

quantiÞes how much 
systematics may cancel.

Òdouble ratio of 
signal strengthsÓ

!
! R
R

" 2

=
!

! µZh

µZh

" 2

+
!

! µW h

µW h

" 2

! 2 " (µZh , µW h ) ! µZh ! µW h
<latexit sha1_base64="wwUnWbnsCOItfMNWzVElsojugLE="></latexit><latexit sha1_base64="wwUnWbnsCOItfMNWzVElsojugLE="></latexit><latexit sha1_base64="wwUnWbnsCOItfMNWzVElsojugLE="></latexit><latexit sha1_base64="wwUnWbnsCOItfMNWzVElsojugLE="></latexit>



A. Papaefstathiou!16

probing gg "  hZ using ratios
[Harlander, Klappert, Pandini, AP, 1804.02299]

R =
! measured
Zh

! measured
Wh

⇥
! theory
Wh

! theory
Zh

<latexit sha1_base64="vrKWwj9+MMCULZCyWJGPMpZSf+Y="></latexit><latexit sha1_base64="vrKWwj9+MMCULZCyWJGPMpZSf+Y="></latexit><latexit sha1_base64="vrKWwj9+MMCULZCyWJGPMpZSf+Y="></latexit><latexit sha1_base64="vrKWwj9+MMCULZCyWJGPMpZSf+Y="></latexit>

contains data statistics uncertainty.  
[here: estimated via pheno Monte Carlo 
analysis.]

actually, 
ÒmeasureÓ: 

¥ using RÕ instead of Zh rate directly: improved signiÞcance,

! provided high correlation between Zh and Wh systematics. 

R! > 1
<latexit sha1_base64="tbUAixMANXfJ1ruVjq+pdBvKjkU=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvoqeyKoCcpevFYxX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHrT4YeLw3w8y8MBHcWM/7QoWl5ZXVteJ6aWNza3unvLvXNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpH11O/9ci04Ure23HCgpgMJI84JdZJzbtjfIn9XrniVb0Z8F/i56QCOeq98me3r2gaM2mpIMZ0fC+xQUa05VSwSambGpYQOiID1nFUkpiZIJtdO8FHTunjSGlX0uKZ+nMiI7Ex4zh0nTGxQ7PoTcX/vE5qo4sg4zJJLZN0vihKBbYKT1/Hfa4ZtWLsCKGau1sxHRJNqHUBlVwI/uLLf0nztOp7Vf/2rFK7yuMowgEcwgn4cA41uIE6NIDCAzzBC7wihZ7RG3qftxZQPrMPv4A+vgGs0Y3e</latexit><latexit sha1_base64="tbUAixMANXfJ1ruVjq+pdBvKjkU=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvoqeyKoCcpevFYxX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHrT4YeLw3w8y8MBHcWM/7QoWl5ZXVteJ6aWNza3unvLvXNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpH11O/9ci04Ure23HCgpgMJI84JdZJzbtjfIn9XrniVb0Z8F/i56QCOeq98me3r2gaM2mpIMZ0fC+xQUa05VSwSambGpYQOiID1nFUkpiZIJtdO8FHTunjSGlX0uKZ+nMiI7Ex4zh0nTGxQ7PoTcX/vE5qo4sg4zJJLZN0vihKBbYKT1/Hfa4ZtWLsCKGau1sxHRJNqHUBlVwI/uLLf0nztOp7Vf/2rFK7yuMowgEcwgn4cA41uIE6NIDCAzzBC7wihZ7RG3qftxZQPrMPv4A+vgGs0Y3e</latexit><latexit sha1_base64="tbUAixMANXfJ1ruVjq+pdBvKjkU=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvoqeyKoCcpevFYxX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHrT4YeLw3w8y8MBHcWM/7QoWl5ZXVteJ6aWNza3unvLvXNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpH11O/9ci04Ure23HCgpgMJI84JdZJzbtjfIn9XrniVb0Z8F/i56QCOeq98me3r2gaM2mpIMZ0fC+xQUa05VSwSambGpYQOiID1nFUkpiZIJtdO8FHTunjSGlX0uKZ+nMiI7Ex4zh0nTGxQ7PoTcX/vE5qo4sg4zJJLZN0vihKBbYKT1/Hfa4ZtWLsCKGau1sxHRJNqHUBlVwI/uLLf0nztOp7Vf/2rFK7yuMowgEcwgn4cA41uIE6NIDCAzzBC7wihZ7RG3qftxZQPrMPv4A+vgGs0Y3e</latexit><latexit sha1_base64="tbUAixMANXfJ1ruVjq+pdBvKjkU=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvoqeyKoCcpevFYxX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHrT4YeLw3w8y8MBHcWM/7QoWl5ZXVteJ6aWNza3unvLvXNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpH11O/9ci04Ure23HCgpgMJI84JdZJzbtjfIn9XrniVb0Z8F/i56QCOeq98me3r2gaM2mpIMZ0fC+xQUa05VSwSambGpYQOiID1nFUkpiZIJtdO8FHTunjSGlX0uKZ+nMiI7Ex4zh0nTGxQ7PoTcX/vE5qo4sg4zJJLZN0vihKBbYKT1/Hfa4ZtWLsCKGau1sxHRJNqHUBlVwI/uLLf0nztOp7Vf/2rFK7yuMowgEcwgn4cA41uIE6NIDCAzzBC7wihZ7RG3qftxZQPrMPv4A+vgGs0Y3e</latexit>

!  detect non-DY 
component of Zh

R! =
! measured

Zh

! measured
W h

!
! theory

W h

! theory ,DY
Zh

<latexit sha1_base64="P6ZkEnn06GT6bUr85aWC+zdvK4I="></latexit><latexit sha1_base64="P6ZkEnn06GT6bUr85aWC+zdvK4I="></latexit><latexit sha1_base64="P6ZkEnn06GT6bUr85aWC+zdvK4I="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="JkQsS8EsDsPhlusAVKC+IhyzS8M="></latexit><latexit sha1_base64="JkQsS8EsDsPhlusAVKC+IhyzS8M="></latexit><latexit sha1_base64="AHzHyX+NaLKaqL36xIsVgdoYlN8="></latexit><latexit sha1_base64="P6ZkEnn06GT6bUr85aWC+zdvK4I="></latexit><latexit sha1_base64="P6ZkEnn06GT6bUr85aWC+zdvK4I="></latexit><latexit sha1_base64="P6ZkEnn06GT6bUr85aWC+zdvK4I="></latexit><latexit sha1_base64="P6ZkEnn06GT6bUr85aWC+zdvK4I="></latexit><latexit sha1_base64="P6ZkEnn06GT6bUr85aWC+zdvK4I="></latexit><latexit sha1_base64="P6ZkEnn06GT6bUr85aWC+zdvK4I="></latexit>

!
measuring:



A. Papaefstathiou!17

SM-like gg "  hZ @ LHC
¥ using the ATLAS  36.1 fb-1 results, we performed a Þrst 

estimate. 

¥ full correlation information currently not publicly 
available. 

! symmetrise:

[Harlander, Klappert, 
Pandini, AP, 1804.02299]

µZh = 1 .12+0 .34
! 0.33(stat .)+0 .37

! 0.30(syst.)

µW h = 1 .35+0 .40
! 0.38(stat .)+0 .55

! 0.45(syst.)
<latexit sha1_base64="kigV5Kd3FHGvV3eizzU4yqKyl/I="></latexit><latexit sha1_base64="kigV5Kd3FHGvV3eizzU4yqKyl/I="></latexit><latexit sha1_base64="kigV5Kd3FHGvV3eizzU4yqKyl/I="></latexit><latexit sha1_base64="kigV5Kd3FHGvV3eizzU4yqKyl/I="></latexit>

!
! R!

R!

" #
#
#
#

2

syst .
=

!
! µZh

µZh

" 2

+
!

! µW h

µW h

" 2

! 2 " (µZh , µW h ) ! µZh ! µW h
<latexit sha1_base64="nelB0XNlQLfjYJY8D994k86qiy0="></latexit><latexit sha1_base64="nelB0XNlQLfjYJY8D994k86qiy0="></latexit><latexit sha1_base64="nelB0XNlQLfjYJY8D994k86qiy0="></latexit><latexit sha1_base64="nelB0XNlQLfjYJY8D994k86qiy0="></latexit>



A. Papaefstathiou!17

SM-like gg "  hZ @ LHC
¥ using the ATLAS  36.1 fb-1 results, we performed a Þrst 

estimate. 

¥ full correlation information currently not publicly 
available. 

! symmetrise:
! ! µZh
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A. Papaefstathiou!17

SM-like gg "  hZ @ LHC
¥ using the ATLAS  36.1 fb-1 results, we performed a Þrst 

estimate. 

¥ full correlation information currently not publicly 
available. 

! symmetrise:
! ! µZh
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A. Papaefstathiou!18

SM-like gg "  hZ @ LHC

¥ extrapolate current systematic ATLAS uncertainties & assume 
fully-correlated ( !  ~ 1) ["  get "RÕ],

¥ & perform pheno analysis following ATLAS [ "  get value of RÕ].

! SM gg "  hZ observation only at ~2! -level @ LHC 3000 fb-1.

¥ with systematics halved !  ~3.2! @ 3000 fb-1 [1 + 2-lepton 
channels, 0-lepton channel not  included].

¥ ratio method competitive with ÒdirectÓ search of gg "  hZ vs. 
total hZ production if correlation large: i.e. ! ≳ 0.75. 

[Harlander, Klappert, Pandini, AP, 1804.02299]



A. Papaefstathiou!19

SM-like gg "  hZ @ LHC
¥ but : TH syst. uncertainties, already incl. in "R , cancel 

signiÞcantly in double ratio: [Harlander, Klappert, Pandini, AP, 1804.02299]

Figure 9 : The upper panel shows the ÒtheoreticalÓ uncertainty, i.e. the Þrst
term in Eq. (9), In the lower panel, the green error bars show the total relative
uncertainty as dictated by Eq. (9). The SM gg ! ZH (with K = 2) has been
included in the ÒexperimentalÓ uncertainty. The invariant mass in the case of
the WH channel was constructed through the combination of the reconstructed
four-momenta of theW boson and the Higgs boson. For theW boson, a random
choice was made between the two solutions for thez component of the neutrino
momentum.

tion.10 The double ratio RZW
R is then given by:

RZW
R = 1 +

dN ZH
gg

dN ZH
DY

(16)

Figure 10 also shows the theoretical parton-level distribution as red dashes (with no cuts
applied). The theoretical prediction and experimental expectation are in good agreement
in this range of VH invariant mass. Note that the ATLAS analysis of Ref. [40] was not
constructed to detect the gg ! ZH component. It is thus conceivable that an analysis
can be devised to increase its contribution to the totalZH production with respect to
the parton-level prediction.

10 I.e., we use the SM gg ! ZH cross section atµF = µR = M VH , including a K-factor of K = 2.
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SM-like gg "  hZ @ pp@100 TeV

pp 
Energy:

gg "  hZ
inclusively

gg "  hZ
pT(h) > 150 GeV

13 TeV ~7% ~16%

100 TeV ~25% ~43%

fraction of gluon-fusion hZ in total:

¥ 13 "  100 TeV:

increase of !: 

gg: ~50",

DY: ~10".

¥ [the pT spectrum 
gets only slightly 
harder.]
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gg "  hZ: sensitivity to new phenomena.

!  a theoretical prediction of non-DY  Zh in total Zh.

consider the ÒtheoreticalÓ ratio:

R!pred . = 1 +
! theory ,non " DY

Zh

! theory ,DY
Zh
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!  compare this to RÕ ("  contains experimentally 
measured quantities),

!  detect non-DY  Zh, i.e. RÕ > 1.
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Figure 3: (a) The ZH invariant mass spectrum in the SM: total cross section
(solid red), DY component (dashed cyan), gg ! ZH component (dash-dotted
purple), b̄b ! ZH component (dotted blue). (b) The ratio RZH

DY of the full ZH
cross section to the DY component in the SM (solid red) and for modified values
of the top- and bottom-quark Yukawa coupling, including various New-Physics
e↵ects. (c) RZH

DY for the SM+VLQs of mass 600 GeV, and various values of the
VLQ mixing angle. (d) RZH

DY for the production of a light SM-like Higgs in the
2HDM with a pseudo-scalar of di↵erent masses including b̄b ! ZH . The DY-like
component was obtained at NNLO with the help of MCFM [15], the New-Physics
e↵ects in gg ! ZH were calculated at LO (i.e. O(↵2

s)) with vh@nnlo [24, 25].
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gg "  hZ: sensitive to new phenomena.

measures the content of non-DY 
in total Zh production.

[Harlander, Klappert, Pandini, AP, 
1804.02299]

example: two-Higgs doublet 
model, A=pseudo-scalar Higgs

A

g
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0

Z

q̃
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g
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Z

(a) (b)

q

q

q

Q

g

g

H

Z

g

g

H

Z

(c) (d)

Figure 4: Selection of new contributions to thegg ! Z� amplitude in the 2HDM/ MSSM
due to (a) intermediate (pseudo)scalars and (b) squarks in addition; to thegg ! ZH

amplitude in the SM due to (c) vector-like quarks and (d) dimension-6 operators.

in Sect.5.5 we go beyond a concrete model implementation and describe the incorporation
of higher-dimensional operators. Since�VH

I+II as well as theNLO K-factor to gg ! ZH are
only known for the SM, they need to be switched o! wheneverBSM e! ects are requested.
Where appropriate, we discuss numerical examples to highlight the new-physics e! ects in
Higgs Strahlung.

5.1 2-Higgs-Doublet Model

The program vh@nnlo allows to calculate the production cross section for any of the three
electrically neutral Higgs bosons in the2HDM. The e! ects which distinguish this case
from the SM calculation have been described in detail in Ref. [20]. Therefore, they shall
be summarized only brießy here. For once, the couplings of theCP-even Higgs bosons to
the weak gauge bosons and the quarks are di! erent from the SM Higgs couplings. While
the former are the same for all2HDMs, the Higgs-quark couplings depend on the speciÞc
realization of the Z2 symmetry which is imposed in order to avoid tree-level ßavor-changing
neutral currents. SpeciÞcally, for the gauge-Higgs couplings we have

g
h

V V = sin( � " ↵) , g
H

V V = cos(� " ↵) , g
A

V V = 0 , V # { W, Z} , (2)

where ↵ parametrizes the mixing of the CP-even Higgs bosons from the isospin to the
mass eigenstates, and tan� is the ratio of the vacuum-expectation values of the two Higgs
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[vh@nnlo, Harlander, Klappert, Liebler, Simon, 1802.04817]

R!pred . = 1 +
! theory ,non " DY

Zh

! theory ,DY
Zh
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[Harlander, Klappert, Pandini, AP, 
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example: T=vector-like quark 
running in loop.
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Figure 3 : (a) The ZH invariant mass spectrum in the SM: total cross section
(solid red), DY component (dashed cyan),gg ! ZH component (dash-dotted
purple), bøb ! ZH component (dotted blue). (b) The ratio RZH

DY of the full ZH
cross section to theDY component in the SM (solid red) and for modiÞed values
of the top- and bottom-quark Yukawa coupling, including various New-Physics
e↵ects. (c) RZH

DY for the SM+ VLQ s of mass 600 GeV, and various values of the
VLQ mixing angle. (d) RZH

DY for the production of a light SM-like Higgs in the
2HDM with a pseudo-scalar of di↵erent masses includingbøb ! ZH. The DY-like
component was obtained atNNLO with the help of MCFM [15], the New-Physics
e↵ects in gg ! ZH were calculated atLO (i.e. O(! 2

s)) with vh@nnlo [24,25].
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measures the content of non-DY 
in total Zh production.
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Figure 4: Selection of new contributions to thegg ! Z� amplitude in the 2HDM/ MSSM
due to (a) intermediate (pseudo)scalars and (b) squarks in addition; to thegg ! ZH
amplitude in the SM due to (c) vector-like quarks and (d) dimension-6 operators.

in Sect.5.5 we go beyond a concrete model implementation and describe the incorporation
of higher-dimensional operators. Since�VH

I+II as well as theNLO K -factor to gg ! ZH are
only known for the SM, they need to be switched o↵ wheneverBSM e↵ects are requested.
Where appropriate, we discuss numerical examples to highlight the new-physics e↵ects in
Higgs Strahlung.

5.1 2-Higgs-Doublet Model

The program vh@nnlo allows to calculate the production cross section for any of the three
electrically neutral Higgs bosons in the2HDM. The e↵ects which distinguish this case
from the SM calculation have been described in detail in Ref. [20]. Therefore, they shall
be summarized only brießy here. For once, the couplings of theCP-even Higgs bosons to
the weak gauge bosons and the quarks are di↵erent from the SM Higgs couplings. While
the former are the same for all2HDMs, the Higgs-quark couplings depend on the speciÞc
realization of the Z2 symmetry which is imposed in order to avoid tree-level ßavor-changing
neutral currents. SpeciÞcally, for the gauge-Higgs couplings we have

ghV V = sin( � � ↵) , gHV V = cos(� � ↵) , gAV V = 0 , V 2 { W, Z } , (2)

where ↵ parametrizes the mixing of the CP-even Higgs bosons from the isospin to the
mass eigenstates, and tan� is the ratio of the vacuum-expectation values of the two Higgs
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gg "  hZ: sensitive to new phenomena.

R!pred . = 1 +
! theory ,non " DY

Zh

! theory ,DY
Zh

<latexit sha1_base64="D4ACRk6EquHs1ZHHPlG1HesZr4M="></latexit><latexit sha1_base64="D4ACRk6EquHs1ZHHPlG1HesZr4M="></latexit><latexit sha1_base64="D4ACRk6EquHs1ZHHPlG1HesZr4M="></latexit><latexit sha1_base64="D4ACRk6EquHs1ZHHPlG1HesZr4M="></latexit>

R!pred .
<latexit sha1_base64="/3hhsasBl8Q9qKsbLdFjyTOqU+Q=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1hEVyERQZdFNy6r2Ae0sUwmk3bozCTMTIQSAv6KGxeKuPU73Pk3TtostPXAwOHce7hnTpAwqrTrfluVpeWV1bXqem1jc2t7x97da6s4lZi0cMxi2Q2QIowK0tJUM9JNJEE8YKQTjK+LeeeRSEVjca8nCfE5GgoaUYy0kQb2Abw7ecj6HOmR5Jmxhk6ew4Fddx13CrhIvJLUQYnmwP7qhzFOOREaM6RUz3MT7WdIaooZyWv9VJEE4TEakp6hAnGi/GwaP4fHRglhFEvzhIZT9bcjQ1ypCQ/MZpFTzc8K8b9ZL9XRpZ9RkaSaCDw7FKUM6hgWXcCQSoI1mxiCsKQmK8QjJBHWprGaKcGb//IiaZ85nut4t+f1xlVZRxUcgiNwCjxwARrgBjRBC2CQgWfwCt6sJ+vFerc+ZqsVq/Tsgz+wPn8AnmGVQg==</latexit><latexit sha1_base64="/3hhsasBl8Q9qKsbLdFjyTOqU+Q=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1hEVyERQZdFNy6r2Ae0sUwmk3bozCTMTIQSAv6KGxeKuPU73Pk3TtostPXAwOHce7hnTpAwqrTrfluVpeWV1bXqem1jc2t7x97da6s4lZi0cMxi2Q2QIowK0tJUM9JNJEE8YKQTjK+LeeeRSEVjca8nCfE5GgoaUYy0kQb2Abw7ecj6HOmR5Jmxhk6ew4Fddx13CrhIvJLUQYnmwP7qhzFOOREaM6RUz3MT7WdIaooZyWv9VJEE4TEakp6hAnGi/GwaP4fHRglhFEvzhIZT9bcjQ1ypCQ/MZpFTzc8K8b9ZL9XRpZ9RkaSaCDw7FKUM6hgWXcCQSoI1mxiCsKQmK8QjJBHWprGaKcGb//IiaZ85nut4t+f1xlVZRxUcgiNwCjxwARrgBjRBC2CQgWfwCt6sJ+vFerc+ZqsVq/Tsgz+wPn8AnmGVQg==</latexit><latexit sha1_base64="/3hhsasBl8Q9qKsbLdFjyTOqU+Q=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1hEVyERQZdFNy6r2Ae0sUwmk3bozCTMTIQSAv6KGxeKuPU73Pk3TtostPXAwOHce7hnTpAwqrTrfluVpeWV1bXqem1jc2t7x97da6s4lZi0cMxi2Q2QIowK0tJUM9JNJEE8YKQTjK+LeeeRSEVjca8nCfE5GgoaUYy0kQb2Abw7ecj6HOmR5Jmxhk6ew4Fddx13CrhIvJLUQYnmwP7qhzFOOREaM6RUz3MT7WdIaooZyWv9VJEE4TEakp6hAnGi/GwaP4fHRglhFEvzhIZT9bcjQ1ypCQ/MZpFTzc8K8b9ZL9XRpZ9RkaSaCDw7FKUM6hgWXcCQSoI1mxiCsKQmK8QjJBHWprGaKcGb//IiaZ85nut4t+f1xlVZRxUcgiNwCjxwARrgBjRBC2CQgWfwCt6sJ+vFerc+ZqsVq/Tsgz+wPn8AnmGVQg==</latexit><latexit sha1_base64="/3hhsasBl8Q9qKsbLdFjyTOqU+Q=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1hEVyERQZdFNy6r2Ae0sUwmk3bozCTMTIQSAv6KGxeKuPU73Pk3TtostPXAwOHce7hnTpAwqrTrfluVpeWV1bXqem1jc2t7x97da6s4lZi0cMxi2Q2QIowK0tJUM9JNJEE8YKQTjK+LeeeRSEVjca8nCfE5GgoaUYy0kQb2Abw7ecj6HOmR5Jmxhk6ew4Fddx13CrhIvJLUQYnmwP7qhzFOOREaM6RUz3MT7WdIaooZyWv9VJEE4TEakp6hAnGi/GwaP4fHRglhFEvzhIZT9bcjQ1ypCQ/MZpFTzc8K8b9ZL9XRpZ9RkaSaCDw7FKUM6hgWXcCQSoI1mxiCsKQmK8QjJBHWprGaKcGb//IiaZ85nut4t+f1xlVZRxUcgiNwCjxwARrgBjRBC2CQgWfwCt6sJ+vFerc+ZqsVq/Tsgz+wPn8AnmGVQg==</latexit>



A. Papaefstathiou

summary/conclusions

!24

¥ the Higgs boson is the central actor of EWSB, 

¥ can become a ÒprobeÓ in several processes!

¥ important example: associated production with a 
vector boson, Vh: comes in two ßavours, V=W, Z.

¥ separating out gluon-fusion component  of Zh:  
unravel  interesting new phenomena!

¥ ratio of Wh and Vh production can eliminate 
systematics & increase sensitivity. 
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gg "  hZ: example SM-like measurement.

Figure 10 : The double ratio RZW
R is shown in green error bars, assumingSM

gg ! ZH (where we have applied a globalK-factor of K = 2). The size of
error bars indicates the total theoretical and statistical uncertainty as given
by Eq. (9). The red dashed line shows the inclusive double ratio at parton level,
including the parton shower.

5 Conclusions

We have investigated New-Physics e! ects in the gluon-initiated Higgs-Strahlung process
gg ! ZH and have shown that theZH invariant mass distribution provides a particularly
sensitive probe for physics beyond theSM. While the distribution below the tøt threshold,
MZH < 2Mt , remains rather unperturbed and thus may serve as a gauge for the experi-
mental data, all New-Physics e! ects studied here can be clearly identiÞed and to a large
extent even distinguished by the kinematic region above that threshold. Recall that the
low-MZH region is also under fairly good theoretical control due to existing higher-order
perturbative calculations in the large-Mt limit [20]. Applying a phenomenological anal-
ysis at the hadronic level in order to estimate the expected theoretical uncertainty, we
Þnd that the SM gg ! ZH component can be established at the⇠ 3.2! -level at the
HL-LHC by comparing the experimental data to the theory prediction for the ratio of
DY-like ZH production to WH production in the one- or two-lepton channels. Adding
the zero-lepton channel and optimizing the current analyses for thegg ! ZH process
(or other non-DY processes) would most likely allow to reveal anO(5! )-level signal.

In order to uniquely establish New-Physics e! ects from this method, the theoretical con-
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gg "  hZ: example SM-like measurement.

PRELIMINARY
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S
S

!
!

pp ! S ! !! is observed  
+ assume:

assume: single production of a singlet scalar S
[Carmona, Goertz, AP, 1606.02716]

http://arxiv.org/abs/arXiv:1606.02716
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S

h

S

!
!

�HS |H |2S2 ! �HS (v + h)2S2
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S

h

S

!
!

if  pp ! S ! !! is observed:  
we know all the couplings 

but one! 

! HS
Òportal couplingÓ

[from:                                                      ]�HS |H |2S2 ! �HS (v + h)2S2
<latexit sha1_base64="9NoOH+miihC/b3fWsVuVKBRVd3A="></latexit><latexit sha1_base64="9NoOH+miihC/b3fWsVuVKBRVd3A="></latexit><latexit sha1_base64="9NoOH+miihC/b3fWsVuVKBRVd3A="></latexit><latexit sha1_base64="9NoOH+miihC/b3fWsVuVKBRVd3A="></latexit>
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!  for a given portal coupling and single 
production cross section: can predict 
associated production cross section!

S
S

!
!

S

h

S

!
!

! ! 2
HS

!

!

( )

( )

! =
" (pp ! hS ! h## )

" (pp ! S ! ## )
=
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truth is stranger than ÞctionÉ

¥ we wonÕt know the initial-state partons.

¥ and, in general, there are other diagrams 
contributing:

⇢ =
�(pp ! hS ! h��)

�(pp ! S ! ��)
= a �2

HS + b �HS + c!

a, b, c: obtained via Monte Carlo.
[for a given initial state, independently  of the coupling values of S]
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¥ gluon-induced production can arise from operator:

cS
G

⇤
SGaµ ⌫Ga

µ⌫

¥ example diagrams:

2

H and describes excitations around its vev, such that in
unitary gauge H ! 1/

"
2(0, v+ h)T , and S is a new scalar

resonance, which can also be (approximately) identiÞed
as S = S. Moreover, v ! 246 GeV is the Higgs vev,
Mh ! 125 GeV is the measured Higgs boson mass and
the portal coupling ! HS is to be determined, being a
main scope of this paper. This coupling is so far basically
unconstrained by direct searches. Nevertheless, loose in-
direct constraints exist, requiring vacuum stability not to
be spoiled. They read

! S > 0, ! H > 0, ! 2
HS

< ! H ! S , (4)

and need to be imposed at least at the scale where the NP
enters, i.e., the TeV scale (see,e.g. [31, 32]).§ Requiring
! H # 0.13, to Þt the observed Higgs mass, as well as
! S < (4" )2, we thus obtain $ 4.5 . ! HS . 4.5. We will
see below that in general our analysis can put stronger
bounds than these on! HS .

In the present study we consider measurement of the
coupling ! HS at the LHC, where it can be probed via
associated production of the new resonance with the SM-
like Higgs boson:pp % hS. For this process, the interac-
tions neglected in (1) play no role to good approximation:
they would either not enter at leading order (LO), or,
as is the case for the|H |

2,4
S interactions, contribute at

most to a diagram with a (strongly suppressed) o! -shell
Higgs boson propagator, for details see the appendices A
and B.

In principle several decay modes ofS can be consid-
ered. Here we focus on the processpp % hS % h##,
where the new particle decays to a pair of photons. Given
that the tentative cross section of the resonant di-photon
production, pp % S % ##, is known and, if the sig-
nal is conÞrmed, will be well-measured in future runs of
the LHC, this allows constraints on the coupling ! HS to
be imposed almost independently of the couplings to the
initial-state partons and Þnal-state photons, given that
only a single production mode is relevant. We consider
production via gluon fusion and quark-anti-quark anni-
hilation, mediated through non-vanishing coe" cients cS

G
,

(yS

d
)22 or (yS

d
)33, respectively, and show how these modes

could be disentangled via appropriate measurements. We
will implicitly assume not too large values of #(S % ##),
in such a way that photo-production is always subdomi-
nant, which is favoured by compatibility with the 8 TeV
data.

Our analysis is motivated by the di-photon resonance
at 750 GeV, but could be applied to the more general case
of associated production of a Higgs boson with a scalar di-
photon resonance of any mass. Moreover, several features
of the Þnal state studied here, such as the invariant mass

¤While the Þrst two conditions need to hold at all scales, for ! HS > 0
the last condition might be violated at higher scales, while still the
electroweak vacuum remains stable [31]. Moreover, for the latter
condition odd terms in S are assumed to vanish.

of the Þnal-state scalar or the total invariant mass of the
process, will exhibit similar features when considering
other decay modes.

The article is organised as follows: in Section II we
examine the process of associated production of a scalar
resonance and a Higgs boson, in Section III we describe
the event generation and detector simulation setup and in
Section IV we provide details of the analysis and results.
Finally, we conclude in Section V.

II. ASSOCIATED PRODUCTION OF A
SCALAR RESONANCE AND A HIGGS BOSON.

A. Production through gluon fusion.

The dominant diagrams at LO contributing to the pro-
duction of the hS Þnal state and subsequent decay of the
resonanceS to a pair of photons via the interaction

Le! & $
S
$

e2

16" 2

!
cS
B

+ cS
W

"
Fµ! F µ!

= $
S
$

e2

16" 2 cS" Fµ! F µ! (5)

are shown in Fig. 1. In the analysis of the present article,
we will consider the Higgs boson decaying to a bottom-
quark pair, since this maximizes the expected number
of events, which is expected to be modest in general.
There exist both the s-channelS exchange, involving the
portal coupling ! HS and depicted in the upper panel (a),
as well as the ÔdirectÕhS production, via t-channel gluon
exchange, depicted in the lower panel (b).
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g

S

� b

� b
h

(a)

g

g S

h
� b

� b

(b)

FIG. 1: The diagrams contributing to the process gg !
hS ! (bøb)( !! ) at the LHC at LO.
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H and describes excitations around its vev, such that in
unitary gauge H ! 1/

"
2(0, v+ h)T , and S is a new scalar

resonance, which can also be (approximately) identiÞed
as S = S. Moreover, v ! 246 GeV is the Higgs vev,
M h ! 125 GeV is the measured Higgs boson mass and
the portal coupling ! HS is to be determined, being a
main scope of this paper. This coupling is so far basically
unconstrained by direct searches. Nevertheless, loose in-
direct constraints exist, requiring vacuum stability not to
be spoiled. They read

! S > 0, ! H > 0, ! 2
HS < ! H ! S , (4)

and need to be imposed at least at the scale where the NP
enters, i.e., the TeV scale (see,e.g. [31, 32]).¤ Requiring
! H # 0.13, to Þt the observed Higgs mass, as well as
! S < (4" )2, we thus obtain $ 4.5 ! ! HS ! 4.5. We will
see below that in general our analysis can put stronger
bounds than these on! HS .

In the present study we consider measurement of the
coupling ! HS at the LHC, where it can be probed via
associated production of the new resonance with the SM-
like Higgs boson:pp % hS. For this process, the interac-
tions neglected in (1) play no role to good approximation:
they would either not enter at leading order (LO), or,
as is the case for the|H |2,4S interactions, contribute at
most to a diagram with a (strongly suppressed) o! -shell
Higgs boson propagator, for details see the appendices A
and B.

In principle several decay modes ofS can be consid-
ered. Here we focus on the processpp % hS % h##,
where the new particle decays to a pair of photons. Given
that the tentative cross section of the resonant di-photon
production, pp % S % ##, is known and, if the sig-
nal is conÞrmed, will be well-measured in future runs of
the LHC, this allows constraints on the coupling ! HS to
be imposed almost independently of the couplings to the
initial-state partons and Þnal-state photons, given that
only a single production mode is relevant. We consider
production via gluon fusion and quark-anti-quark anni-
hilation, mediated through non-vanishing coe" cients cS

G ,
(yS

d )22 or (yS
d )33, respectively, and show how these modes

could be disentangled via appropriate measurements. We
will implicitly assume not too large values of #(S % ##),
in such a way that photo-production is always subdomi-
nant, which is favoured by compatibility with the 8 TeV
data.

Our analysis is motivated by the di-photon resonance
at 750 GeV, but could be applied to the more general case
of associated production of a Higgs boson with a scalar di-
photon resonance of any mass. Moreover, several features
of the Þnal state studied here, such as the invariant mass

¤While the Þrst two conditions need to hold at all scales, for ! HS > 0
the last condition might be violated at higher scales, while still the
electroweak vacuum remains stable [31]. Moreover, for the latter
condition odd terms in S are assumed to vanish.

of the Þnal-state scalar or the total invariant mass of the
process, will exhibit similar features when considering
other decay modes.

The article is organised as follows: in Section II we
examine the process of associated production of a scalar
resonance and a Higgs boson, in Section III we describe
the event generation and detector simulation setup and in
Section IV we provide details of the analysis and results.
Finally, we conclude in Section V.

II. ASSOCIATED PRODUCTION OF A
SCALAR RESONANCE AND A HIGGS BOSON.

A. Production through gluon fusion.

The dominant diagrams at LO contributing to the pro-
duction of the hS Þnal state and subsequent decay of the
resonanceS to a pair of photons via the interaction
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are shown in Fig. 1. In the analysis of the present article,
we will consider the Higgs boson decaying to a bottom-
quark pair, since this maximizes the expected number
of events, which is expected to be modest in general.
There exist both the s-channelS exchange, involving the
portal coupling ! HS and depicted in the upper panel (a),
as well as the ÔdirectÕhS production, via t-channel gluon
exchange, depicted in the lower panel (b).
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FIG. 1: The diagrams contributing to the process gg !
hS ! (bøb)( !! ) at the LHC at LO.
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¥ gluon-induced production can arise from operator:

cS
G

⇤
SGaµ ⌫Ga

µ⌫

¥ example diagrams:
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H and describes excitations around its vev, such that in
unitary gauge H ! 1/

"
2(0, v+ h)T , and S is a new scalar

resonance, which can also be (approximately) identiÞed
as S = S. Moreover, v ! 246 GeV is the Higgs vev,
Mh ! 125 GeV is the measured Higgs boson mass and
the portal coupling ! HS is to be determined, being a
main scope of this paper. This coupling is so far basically
unconstrained by direct searches. Nevertheless, loose in-
direct constraints exist, requiring vacuum stability not to
be spoiled. They read

! S > 0, ! H > 0, ! 2
HS

< ! H ! S , (4)

and need to be imposed at least at the scale where the NP
enters, i.e., the TeV scale (see,e.g. [31, 32]).§ Requiring
! H # 0.13, to Þt the observed Higgs mass, as well as
! S < (4" )2, we thus obtain $ 4.5 . ! HS . 4.5. We will
see below that in general our analysis can put stronger
bounds than these on! HS .

In the present study we consider measurement of the
coupling ! HS at the LHC, where it can be probed via
associated production of the new resonance with the SM-
like Higgs boson:pp % hS. For this process, the interac-
tions neglected in (1) play no role to good approximation:
they would either not enter at leading order (LO), or,
as is the case for the|H |

2,4
S interactions, contribute at

most to a diagram with a (strongly suppressed) o! -shell
Higgs boson propagator, for details see the appendices A
and B.

In principle several decay modes ofS can be consid-
ered. Here we focus on the processpp % hS % h##,
where the new particle decays to a pair of photons. Given
that the tentative cross section of the resonant di-photon
production, pp % S % ##, is known and, if the sig-
nal is conÞrmed, will be well-measured in future runs of
the LHC, this allows constraints on the coupling ! HS to
be imposed almost independently of the couplings to the
initial-state partons and Þnal-state photons, given that
only a single production mode is relevant. We consider
production via gluon fusion and quark-anti-quark anni-
hilation, mediated through non-vanishing coe" cients cS

G
,

(yS

d
)22 or (yS

d
)33, respectively, and show how these modes

could be disentangled via appropriate measurements. We
will implicitly assume not too large values of #(S % ##),
in such a way that photo-production is always subdomi-
nant, which is favoured by compatibility with the 8 TeV
data.

Our analysis is motivated by the di-photon resonance
at 750 GeV, but could be applied to the more general case
of associated production of a Higgs boson with a scalar di-
photon resonance of any mass. Moreover, several features
of the Þnal state studied here, such as the invariant mass

¤While the Þrst two conditions need to hold at all scales, for ! HS > 0
the last condition might be violated at higher scales, while still the
electroweak vacuum remains stable [31]. Moreover, for the latter
condition odd terms in S are assumed to vanish.

of the Þnal-state scalar or the total invariant mass of the
process, will exhibit similar features when considering
other decay modes.

The article is organised as follows: in Section II we
examine the process of associated production of a scalar
resonance and a Higgs boson, in Section III we describe
the event generation and detector simulation setup and in
Section IV we provide details of the analysis and results.
Finally, we conclude in Section V.

II. ASSOCIATED PRODUCTION OF A
SCALAR RESONANCE AND A HIGGS BOSON.

A. Production through gluon fusion.

The dominant diagrams at LO contributing to the pro-
duction of the hS Þnal state and subsequent decay of the
resonanceS to a pair of photons via the interaction
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are shown in Fig. 1. In the analysis of the present article,
we will consider the Higgs boson decaying to a bottom-
quark pair, since this maximizes the expected number
of events, which is expected to be modest in general.
There exist both the s-channelS exchange, involving the
portal coupling ! HS and depicted in the upper panel (a),
as well as the ÔdirectÕhS production, via t-channel gluon
exchange, depicted in the lower panel (b).
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FIG. 1: The diagrams contributing to the process gg !
hS ! (bøb)( !! ) at the LHC at LO.
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H and describes excitations around its vev, such that in
unitary gauge H ! 1/

"
2(0, v+ h)T , and S is a new scalar

resonance, which can also be (approximately) identiÞed
as S = S. Moreover, v ! 246 GeV is the Higgs vev,
M h ! 125 GeV is the measured Higgs boson mass and
the portal coupling ! HS is to be determined, being a
main scope of this paper. This coupling is so far basically
unconstrained by direct searches. Nevertheless, loose in-
direct constraints exist, requiring vacuum stability not to
be spoiled. They read

! S > 0, ! H > 0, ! 2
HS < ! H ! S , (4)

and need to be imposed at least at the scale where the NP
enters, i.e., the TeV scale (see,e.g. [31, 32]).¤ Requiring
! H # 0.13, to Þt the observed Higgs mass, as well as
! S < (4" )2, we thus obtain $ 4.5 ! ! HS ! 4.5. We will
see below that in general our analysis can put stronger
bounds than these on! HS .

In the present study we consider measurement of the
coupling ! HS at the LHC, where it can be probed via
associated production of the new resonance with the SM-
like Higgs boson:pp % hS. For this process, the interac-
tions neglected in (1) play no role to good approximation:
they would either not enter at leading order (LO), or,
as is the case for the|H |2,4S interactions, contribute at
most to a diagram with a (strongly suppressed) o! -shell
Higgs boson propagator, for details see the appendices A
and B.

In principle several decay modes ofS can be consid-
ered. Here we focus on the processpp % hS % h##,
where the new particle decays to a pair of photons. Given
that the tentative cross section of the resonant di-photon
production, pp % S % ##, is known and, if the sig-
nal is conÞrmed, will be well-measured in future runs of
the LHC, this allows constraints on the coupling ! HS to
be imposed almost independently of the couplings to the
initial-state partons and Þnal-state photons, given that
only a single production mode is relevant. We consider
production via gluon fusion and quark-anti-quark anni-
hilation, mediated through non-vanishing coe" cients cS

G ,
(yS

d )22 or (yS
d )33, respectively, and show how these modes

could be disentangled via appropriate measurements. We
will implicitly assume not too large values of #(S % ##),
in such a way that photo-production is always subdomi-
nant, which is favoured by compatibility with the 8 TeV
data.

Our analysis is motivated by the di-photon resonance
at 750 GeV, but could be applied to the more general case
of associated production of a Higgs boson with a scalar di-
photon resonance of any mass. Moreover, several features
of the Þnal state studied here, such as the invariant mass

¤While the Þrst two conditions need to hold at all scales, for ! HS > 0
the last condition might be violated at higher scales, while still the
electroweak vacuum remains stable [31]. Moreover, for the latter
condition odd terms in S are assumed to vanish.

of the Þnal-state scalar or the total invariant mass of the
process, will exhibit similar features when considering
other decay modes.

The article is organised as follows: in Section II we
examine the process of associated production of a scalar
resonance and a Higgs boson, in Section III we describe
the event generation and detector simulation setup and in
Section IV we provide details of the analysis and results.
Finally, we conclude in Section V.

II. ASSOCIATED PRODUCTION OF A
SCALAR RESONANCE AND A HIGGS BOSON.

A. Production through gluon fusion.

The dominant diagrams at LO contributing to the pro-
duction of the hS Þnal state and subsequent decay of the
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are shown in Fig. 1. In the analysis of the present article,
we will consider the Higgs boson decaying to a bottom-
quark pair, since this maximizes the expected number
of events, which is expected to be modest in general.
There exist both the s-channelS exchange, involving the
portal coupling ! HS and depicted in the upper panel (a),
as well as the ÔdirectÕhS production, via t-channel gluon
exchange, depicted in the lower panel (b).
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FIG. 1: The diagrams contributing to the process gg !
hS ! (bøb)( !! ) at the LHC at LO.

BR(h ! bøb) " 60%



A. Papaefstathiou

quark-induced production

 37

¥ for the quark-induced case, assuming operator: 

yS
q

!
S øQL HQ R !

yS
q

!
S øQL (h + v)QR

¥ additional 4-point  quark-quark-h-S  interaction:

3

B. Production through quark-anti-quark
annihilation.

For the case of quark anti-quark annihilation, a new
diagram arises from the contact interactionqøqhS.¦ Both
contributing graphs are shown in Fig. 2. The new dia-
gram (b) distinguishes theqøq annihilation from the gluon
fusion case. An important fact is that now the hS pro-
cess is non-vanishing and signiÞcant even in the absence
of the portal coupling ! HS . This indicates that one can
employ this Þnal state to excludeqøq annihilation as the
dominant production process (in the absence of a signal).
In the following we will focus on the two (extreme) cases
of q = b and q = s Ð predominant production through
lighter quarks is disfavoured from comparing 8 TeV to
13 TeV data [5].
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� b
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h

q

q

(a)

S

h

� b
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q

q

(b)

FIG. 2: The diagrams contributing to the process qøq !

hS ! (bøb)( !! ) at the LHC at LO.

It will be useful in both scenarios to construct the ratio
of the associated production processpp ! hS, through
all possible intermediate states, with the subsequent de-
cay of the new resonance to a"" Þnal state, to that of
the single production pp ! S ! "" ,

#(xx 0) =
$(xx 0 ! hS ! h"" )

$(xx 0 ! S ! "" )
, (6)

where xx 0 = { gg, bøb, søs} .k The ratio is a useful quan-
tity since it removes the dependence on the product of

¶The t-channel diagram with the qøqh interaction is suppressed due
to a small Yukawa coupling.

! In the most general setup, the analysis of this article can constrain
the sum of the squares of the couplings of S to all quark generations
(for a given ! HS ), appropriately weighted by the parton density
functions.

couplings of the new resonance to the initial-state par-
tons and Þnal-state photons. Moreover, it can be used
to absorb, at least approximately, theoretical and exper-
imental systematic uncertainties.⇤⇤

FIG. 3: The ratios " (gg), " (bøb) and " (søs) for gg, bøb and
søs initial states respectively, deÞned between the associated
production pp ! hS ! h!! and the single production pp !

S ! !! , as functions of the portal coupling #HS . The mass
of the scalar resonance was taken to beM = 750 GeV and
the width ! = 1 GeV.

We show the dependence of the ratio# on the portal
coupling ! HS in Fig. 3 for gg, bøb and søs initial states for
M = 750 GeV and ! = 1 GeV.    Similar behaviour is
obtained for di" erent scalarS masses and widths.

Since the dominant matrix-element contribution to the
gg-initiated hS process is proportional to the portal cou-
pling, the process approximately vanishes as! HS ! 0,
and hence#(gg) " #2gg! 2

HS , where #2gg # 0.00133. As
already discussed, this does not hold for theqøq-initiated
process due to the contact interaction diagram. This re-
sults in a non-negligible minimum for #(bøb) and #(søs). A
Þt to the cross section yields#(qøq) " #2qøq! 2

HS + #1qøq! HS +
#0qøq with #0bøb # 0.00828,#1bøb # 0.00309,#2bøb # 0.00086,
corresponding to bøb initial states, and #0søs # 0.01025,
#1søs # 0.00371,#2søs # 0.00091, corresponding tosøs ini-
tial states. The positivity of the coe# cient #1qøq for both
bøb and søs indicates constructive interference between the
contact interaction and resonant diagrams (for! HS > 0).
For an extended Þt of the ratio #, including additional
diagrams with the production of an intermediate Higgs

"" For a similar idea investigated in the context of Higgs boson pair
production, see [33].

††We employ a single cut of M !! > 200 GeV at generation level in
order to remove (SM-like) pp ! hh ! h"" interference with the
signal, i.e. , S("" )+ h production. Only after this cut, we can iden-
tify a ÔsignalÕ contribution to the actual physical process - which
is Higgs production in association with a photon pair - unambigu-
ously with the process pp ! hS ! h"" to good approximation,
assuming the model (1).

3

B. Production through quark-anti-quark
annihilation.

For the case of quark anti-quark annihilation, a new
diagram arises from the contact interactionqøqhS.¦ Both
contributing graphs are shown in Fig. 2. The new dia-
gram (b) distinguishes theqøq annihilation from the gluon
fusion case. An important fact is that now the hS pro-
cess is non-vanishing and signiÞcant even in the absence
of the portal coupling ! HS . This indicates that one can
employ this Þnal state to excludeqøq annihilation as the
dominant production process (in the absence of a signal).
In the following we will focus on the two (extreme) cases
of q = b and q = s Ð predominant production through
lighter quarks is disfavoured from comparing 8 TeV to
13 TeV data [5].
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FIG. 2: The diagrams contributing to the process qq̄ !
hS ! (bb̄)(!! ) at the LHC at LO.

It will be useful in both scenarios to construct the ratio
of the associated production processpp ! hS, through
all possible intermediate states, with the subsequent de-
cay of the new resonance to a"" Þnal state, to that of
the single production pp ! S ! "" ,

#(xx! ) =
$(xx!

! hS ! h"" )
$(xx! ! S ! "" )

, (6)

where xx! = { gg, bøb, søs} ." The ratio is a useful quan-
tity since it removes the dependence on the product of

¶The t-channel diagram with the qq̄h interaction is suppressed due
to a small Yukawa coupling.

k In the most general setup, the analysis of this article can constrain
the sum of the squares of the couplings of S to all quark generations
(for a given �HS), appropriately weighted by the parton density
functions.

couplings of the new resonance to the initial-state par-
tons and Þnal-state photons. Moreover, it can be used
to absorb, at least approximately, theoretical and exper-
imental systematic uncertainties.##

FIG. 3: The ratios " (gg), " (bb̄) and " (ss̄) for gg, bb̄ and
ss̄ initial states respectively, defined between the associated
production pp ! hS ! h!! and the single production pp !
S ! !! , as functions of the portal coupling #HS . The mass
of the scalar resonance was taken to be M = 750 GeV and
the width ! = 1 GeV.

We show the dependence of the ratio# on the portal
coupling ! HS in Fig. 3 for gg, bøb and søs initial states for
M = 750 GeV and ! = 1 GeV.    Similar behaviour is
obtained for di" erent scalarS masses and widths.

Since the dominant matrix-element contribution to the
gg-initiated hS process is proportional to the portal cou-
pling, the process approximately vanishes as! HS ! 0,
and hence#(gg) ' #2gg! 2

HS , where #2gg ⇡ 0.00133. As
already discussed, this does not hold for theqøq-initiated
process due to the contact interaction diagram. This re-
sults in a non-negligible minimum for #(bøb) and #(søs). A
Þt to the cross section yields#(qøq) ' #2qq̄! 2

HS + #1qq̄! HS +
#0qq̄ with #

0b̄b ⇡ 0.00828,#
1b̄b ⇡ 0.00309,#

2b̄b ⇡ 0.00086,
corresponding to bøb initial states, and #0ss̄ ⇡ 0.01025,
#1ss̄ ⇡ 0.00371,#2ss̄ ⇡ 0.00091, corresponding tosøs ini-
tial states. The positivity of the coe# cient #1qq̄ for both
bøb and søs indicates constructive interference between the
contact interaction and resonant diagrams (for! HS > 0).
For an extended Þt of the ratio #, including additional
diagrams with the production of an intermediate Higgs

⇤⇤For a similar idea investigated in the context of Higgs boson pair
production, see [33].

††We employ a single cut of M !! > 200GeV at generation level in
order to remove (SM-like) pp ! hh ! h�� interference with the
signal, i.e. , S(��)+h production. Only after this cut, we can iden-
tify a ‘signal’ contribution to the actual physical process - which
is Higgs production in association with a photon pair - unambigu-
ously with the process pp ! hS ! h�� to good approximation,
assuming the model (1).
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¥ a simple example: # = photon, i.e. di-photon resonance. 

¥ current searches allow single production with reasonable 
cross section:

 [GeV]Xm

500 1000 1500 2000

 B
R

 [f
b]

! 
fid

"
95

%
 C

L 
U

pp
er

 L
im

it 
on

 

1#10

1

10

210
ATLAS Preliminary

-1 = 13 TeV, 15.4 fbs

 = 10 %Xm/X$
Spin-0 Selection

 limitsCLObserved 

 limitsCLExpected 

" 1±Expected 

" 2±Expected 



A. Papaefstathiou 38

¥ a simple example: # = photon, i.e. di-photon resonance. 

¥ current searches allow single production with reasonable 
cross section:

 [GeV]Xm

500 1000 1500 2000

 B
R

 [f
b]

! 
fid

"
95

%
 C

L 
U

pp
er

 L
im

it 
on

 

1#10

1

10

210
ATLAS Preliminary

-1 = 13 TeV, 15.4 fbs

 = 10 %Xm/X$
Spin-0 Selection

 limitsCLObserved 

 limitsCLExpected 

" 1±Expected 

" 2±Expected 

O(10 fb)



A. Papaefstathiou 39

single production 
allowed cross 
section, from 
ATLAS/CMS.

ratio, Þtted from 
Monte Carlo.

! ! 10�3 " 10�2

(depending on initial-
state partons)

! (pp ! hS ! h"" ) " 10 fb# #
<latexit sha1_base64="IOXGlGmcJbENgdacxPqfctvk/y8="></latexit><latexit sha1_base64="IOXGlGmcJbENgdacxPqfctvk/y8="></latexit><latexit sha1_base64="IOXGlGmcJbENgdacxPqfctvk/y8="></latexit><latexit sha1_base64="IOXGlGmcJbENgdacxPqfctvk/y8="></latexit>
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¥ S and Higgs boson at 13 TeV would be produced 
near threshold,

¥ photons from S would be energetic: 

pT,peak ~ M/2

¥ photons close to back-to-back, b-jets close to back-
to-back (#R  ~ %).
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¥ S can be resonant (i.e. near on-shell) either in s-channel or decay: 

4

boson due toS|H|
2,4 interactions, that turn out to be

sub-dominant, see Appendix B.
The fact that for quark-anti-quark annihilation the hS

process is non-vanishing for all values of the portal cou-
pling �HS indicates that one could employ this Þnal state
to exclude bøb or søs annihilation as the dominant produc-
tion process. The analysis that will follow in the present
article suggests however, that the di-photon decay of the
S alone may not be su! cient for that purpose.

FIG. 4: The ratios ⇢(gg) and ⇢(bøb) for gg and bøb initial states,
deÞned between the associated productionpp ! hS ! h��
and the single production pp ! S ! ��, as functions
of the width of the resonance over the mass, �/M . The
bands display the parton density function uncertainty for the
MMHT14nlo68clset combined in quadrature with the scale
variation between 0.5 and 2.0 times the default central dy-
namical scale implemented in MadGraph5aMC@NLO. The scalar
resonance mass was chosen to beM = 750 GeV.

At present, the width of the di-photon resonance re-
mains undetermined [1Ð4]. This prompts an investiga-
tion of the e" ect of the width on the ratio ⇢. Moreover,
the analyses performed for thehS Þnal state will di" er
in the details due to the change in kinematics. We show
in Fig. 4 the variation of the ratio ⇢ for the gg-initiated
process with the width over the mass, which we have set
to M = 750 GeV, for �HS = 1, and for the bøb-initiated
process for�HS = 0 (no portal) and �HS = 1. àà

We also provide, as coloured bands, the parton den-
sity function uncertainty for the MMHT14nlo68clset [34]
combined in quadrature with the scale variation between
0.5 and 2.0 times the default central dynamical scale im-
plemented in MadGraph5aMC@NLO. One can observe that
the central value of the ratio remains approximately con-
stant in all cases, with only a slight decrease with increas-
ing width. Moreover, the total theoretical uncertainties
due to scale and PDF variations are! +40

! 30 % for the gg-
induced process,! ±10% for the bøb-induced and ±30%

ààIt is interesting to note that the ratio increases as the scalar reso-
nance mass, M , decreases while the ratio ! /M is kept Þxed.

for the søs-induced cases (the latter not shown in the Þg-
ure for simplicity).

Assuming a total cross section for the production of the
�� resonance of, say,�(pp " S " ��) = 10 fb, one would
expect a total of O(40) hS " h�� events at the high-
luminosity LHC (HL-LHC, assuming 3000 fb! 1 of inte-
grated luminosity) if the process is gluon-fusion initiated
and O(400) events forbøb-initiated production, for a por-
tal coupling �HS = 1. Moreover, the minimum expected
number of events for the bøb-initiated process isO(150),
arising for �HS # $ 1.8 and for the søs-initiated process
one expects a minimum ofO(200) events for�HS # $ 2.0.
We note here that the positions of the minima for theqøq-
initiated process will change after cuts due to the varying
e" ect of the analysis on the di" erent pieces contributing
to the cross section.

FIG. 5: The matrix-element level distribution of the di-
photon invariant mass, M�� , in the gg ! hS ! h�� process,
normalised to unity for the two benchmark width scenarios,
� = 1 GeV and � = 45 GeV.

FIG. 6: The matrix-element-level distribution of the com-
bined Higgs boson and di-photon invariant mass, Mh�� , in
the gg ! hS ! h�� process, normalised to unity for the two
benchmark width scenarios, � = 1 GeV and � = 45 GeV.

The kinematic structure of the pp " hS " h�� pro-

Mh�� [GeV]

on-shell $$

Òthree-body decayÓ

[Carmona, Goertz, AP, 1606.02716]

M= 750 GeV

http://arxiv.org/abs/arXiv:1606.02716
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¥ calculate 95% C.L. exclusion for resonance produced in 
mixture  of gluon fusion and b-quark fusion:

[more
 b-quark]

green: Òon-shell 
$$Ó

red: Òthree-body 
decayÓ

[Carmona, Goertz, AP, 1606.02716]

13

FIG. 26: The 95% conÞdence-level exclusion region for the
ratio of couplings to bøb over the coupling to the gg initial
states, ! = [( yS

d )33]/cSG versus the portal coupling " HS for
M = 600 GeV, ! = 1 GeV. The excluded region coming from
the combination of the ÒTBDÓ (red) and ÒOS##Ó (green) re-
gions is grey-shaded. We have assumed that the single pro-
duction cross section $(pp ! S ! ##) = 10 fb.

FIG. 27: The 95% conÞdence-level exclusion region for the
ratio of couplings to bøb over the coupling to the gg initial
states, ! = [( yS

d )33]/cSG versus the portal coupling " HS for
M = 750 GeV, ! = 1 GeV. The excluded region coming from
the combination of the ÒTBDÓ (red) and ÒOS##Ó (green) re-
gions is grey-shaded. We have assumed that the single pro-
duction cross section $(pp ! S ! ##) = 5 fb.

V. DISCUSSION AND CONCLUSIONS.

We have investigated the associated production of a di-
photon scalar resonance with a Higgs boson and have em-
ployed the pp ! hS ! (bøb)(��) Þnal state to obtain con-
straints on the portal coupling with the SM Higgs boson
�HS , at the LHC. We have considered three benchmark
scalar masses,M = 600, 750, 900 GeV, and we have as-
sumed that the inclusive single production cross section
is �(pp ! S ! ��) = 10 , 5, 1 fb, respectively, compatible

FIG. 28: The 95% conÞdence-level exclusion region for the
ratio of couplings to bøb over the coupling to the gg initial
states, ! = [( yS

d )33]/cSG versus the portal coupling " HS for
M = 900 GeV, ! = 1 GeV. The excluded region coming from
the combination of the ÒTBDÓ (red) and ÒOS##Ó (green) re-
gions is grey-shaded. We have assumed that the single pro-
duction cross section $(pp ! S ! ##) = 1 fb.

FIG. 29: The 95% conÞdence-level exclusion region for the
ratio of couplings to bøb over the coupling to the gg initial
states, ! = [( yS

d )33]/cSG versus the portal coupling " HS for
M = 750 GeV, ! = 45 GeV. The excluded region coming
from the combination of the ÒTBDÓ (red) and ÒOS##Ó (green)
regions is grey-shaded. We have assumed that the single pro-
duction cross section $(pp ! S ! ##) = 5 fb.

with current experimental constraints. To construct ex-
pected constraints we considered the null hypothesis (i.e.
the supposed ÔtrueÕ underlying theory) to correspond to
gluon-fusion-initiated production with vanishing portal
coupling, �HS = 0. We then Þrst analysed the case of
either pure gluon-fusion-induced production or produc-
tion via quark-anti-quark annihilation. For gluon-fusion
production one can impose constraints on the portal cou-
pling at the end of the HL-LHC run of |�HS | . 3, 4, 5 for
M = 600, 750, 900 GeV, respectively, and! = 1 GeV,

M= 600 GeV, 
& = 1 GeV

excluded

excludedexcluded

excluded

allowed

[given assumption that ÒunderlyingÓ production is purely gluon fusion and ' HS=1]

[more 
gluon]

! HS

yS
b /c S

G
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! HS

!

⇢ =
�(pp ! hS ! h��)
�(pp ! S ! ��)

= a �2
HS + b �HS + c

[Carmona, Goertz, AP, 1606.02716]

M=750 GeV
pp@13 TeV

http://arxiv.org/abs/arXiv:1606.02716
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! HS

!

⇢ =
�(pp ! hS ! h��)
�(pp ! S ! ��)

= a �2
HS + b �HS + c

! (pp! S ! "" ) = 10 fb

e.g., if (13 TeV):

! HS = 1

and purely gluon-
induced:

or purely b-quark 
induced:

! (gg ! hS ! h"" ) =

# " 10 fb # 10! 2 fb

! (bøb ! hS ! h"" ) =

# " 10 fb # 10! 1 fb

[Carmona, Goertz, AP, 1606.02716]

M=750 GeV
pp@13 TeV

http://arxiv.org/abs/arXiv:1606.02716
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Mh�� [GeV]
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