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coupling/scale 
separated BSM physics

Effective Field Theory

concrete models
‣ extended SMEFT

‣ (    ) Higgs portals

‣ 2HDMs

‣ simplified models

‣ compositeness….

[Grzadkowski, Iskrzynski, Misiak, Rosiek `10] …
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Fingerprinting the lack of new physics

+ . . .
<latexit sha1_base64="6yW86uBuhdZ62ZmlQkn/N9vBTSM=">AAACDXicdVDLSgMxFM3U9/iqunQTLIIglJnicye6cangWKFTSiZza0OTzJBkKmXoP+hW/8OVuPUb/A2/wEw7gooeCBzOuYd7c6KUM208792pTE3PzM7NL7iLS8srq9W19WudZIpCQBOeqJuIaOBMQmCY4XCTKiAi4tCM+meF3xyA0iyRV2aYQluQW8m6jBJjpeYuDuPE6E615tX94/3GwREuSeOL7GO/7o1RQyUuOtUPm6OZAGkoJ1q3fC817ZwowyiHkRtmGlJC++QWWpZKIkC38/G5I7xtlRh3E2WfNHisfk/kRGg9FJGdFMT09G+vEP/yWpnpHrVzJtPMgKSTRd2MY5Pg4u84Zgqo4UNLCFXM3oppjyhCjW3IdUMJdzQRgsg4DwcDoKM8zGQMqih35NqSvprA/5OgUT+u+5d7tZPTsq15tIm20A7y0SE6QefoAgWIoj56QI/oybl3np0X53UyWnHKzAb6AeftE6cMnMQ=</latexit><latexit sha1_base64="6yW86uBuhdZ62ZmlQkn/N9vBTSM=">AAACDXicdVDLSgMxFM3U9/iqunQTLIIglJnicye6cangWKFTSiZza0OTzJBkKmXoP+hW/8OVuPUb/A2/wEw7gooeCBzOuYd7c6KUM208792pTE3PzM7NL7iLS8srq9W19WudZIpCQBOeqJuIaOBMQmCY4XCTKiAi4tCM+meF3xyA0iyRV2aYQluQW8m6jBJjpeYuDuPE6E615tX94/3GwREuSeOL7GO/7o1RQyUuOtUPm6OZAGkoJ1q3fC817ZwowyiHkRtmGlJC++QWWpZKIkC38/G5I7xtlRh3E2WfNHisfk/kRGg9FJGdFMT09G+vEP/yWpnpHrVzJtPMgKSTRd2MY5Pg4u84Zgqo4UNLCFXM3oppjyhCjW3IdUMJdzQRgsg4DwcDoKM8zGQMqih35NqSvprA/5OgUT+u+5d7tZPTsq15tIm20A7y0SE6QefoAgWIoj56QI/oybl3np0X53UyWnHKzAb6AeftE6cMnMQ=</latexit><latexit sha1_base64="6yW86uBuhdZ62ZmlQkn/N9vBTSM=">AAACDXicdVDLSgMxFM3U9/iqunQTLIIglJnicye6cangWKFTSiZza0OTzJBkKmXoP+hW/8OVuPUb/A2/wEw7gooeCBzOuYd7c6KUM208792pTE3PzM7NL7iLS8srq9W19WudZIpCQBOeqJuIaOBMQmCY4XCTKiAi4tCM+meF3xyA0iyRV2aYQluQW8m6jBJjpeYuDuPE6E615tX94/3GwREuSeOL7GO/7o1RQyUuOtUPm6OZAGkoJ1q3fC817ZwowyiHkRtmGlJC++QWWpZKIkC38/G5I7xtlRh3E2WfNHisfk/kRGg9FJGdFMT09G+vEP/yWpnpHrVzJtPMgKSTRd2MY5Pg4u84Zgqo4UNLCFXM3oppjyhCjW3IdUMJdzQRgsg4DwcDoKM8zGQMqih35NqSvprA/5OgUT+u+5d7tZPTsq15tIm20A7y0SE6QefoAgWIoj56QI/oybl3np0X53UyWnHKzAb6AeftE6cMnMQ=</latexit><latexit sha1_base64="6yW86uBuhdZ62ZmlQkn/N9vBTSM=">AAACDXicdVDLSgMxFM3U9/iqunQTLIIglJnicye6cangWKFTSiZza0OTzJBkKmXoP+hW/8OVuPUb/A2/wEw7gooeCBzOuYd7c6KUM208792pTE3PzM7NL7iLS8srq9W19WudZIpCQBOeqJuIaOBMQmCY4XCTKiAi4tCM+meF3xyA0iyRV2aYQluQW8m6jBJjpeYuDuPE6E615tX94/3GwREuSeOL7GO/7o1RQyUuOtUPm6OZAGkoJ1q3fC817ZwowyiHkRtmGlJC++QWWpZKIkC38/G5I7xtlRh3E2WfNHisfk/kRGg9FJGdFMT09G+vEP/yWpnpHrVzJtPMgKSTRd2MY5Pg4u84Zgqo4UNLCFXM3oppjyhCjW3IdUMJdzQRgsg4DwcDoKM8zGQMqih35NqSvprA/5OgUT+u+5d7tZPTsq15tIm20A7y0SE6QefoAgWIoj56QI/oybl3np0X53UyWnHKzAb6AeftE6cMnMQ=</latexit>

C
<latexit sha1_base64="CrnYdsg3AX8TCvekCvofgJCuoxI=">AAACEHicdVDLSgMxFM3UVx1fVZdugkVwVWaK1boTu3FZwarYKZLJ3GpokhmSTKUM8xW61f9wJW79A3/DLzDTVlDRA4HDOfdyT06YcKaN5707pZnZufmF8qK7tLyyulZZ3zjXcaoodGjMY3UZEg2cSegYZjhcJgqICDlchINW4V8MQWkWyzMzSqAnyI1kfUaJsdJVIIi5DcOslV9Xql7NP2zU95t4SupfpIH9mjdGFU3Rvq58BFFMUwHSUE607vpeYnoZUYZRDrkbpBoSQgfkBrqWSiJA97Jx4hzvWCXC/VjZJw0eq983MiK0HonQThYJ9W+vEP/yuqnpN3sZk0lqQNLJoX7KsYlx8X0cMQXU8JElhCpms2J6SxShxpbkuoGEOxoLQWSUBcMh0DwLUhmBKvrNXVvSVxP4f9Kp1w5r/ule9eh42lYZbaFttIt8dICO0Alqow6iSKIH9IienHvn2XlxXiejJWe6s4l+wHn7BNI6noY=</latexit><latexit sha1_base64="CrnYdsg3AX8TCvekCvofgJCuoxI=">AAACEHicdVDLSgMxFM3UVx1fVZdugkVwVWaK1boTu3FZwarYKZLJ3GpokhmSTKUM8xW61f9wJW79A3/DLzDTVlDRA4HDOfdyT06YcKaN5707pZnZufmF8qK7tLyyulZZ3zjXcaoodGjMY3UZEg2cSegYZjhcJgqICDlchINW4V8MQWkWyzMzSqAnyI1kfUaJsdJVIIi5DcOslV9Xql7NP2zU95t4SupfpIH9mjdGFU3Rvq58BFFMUwHSUE607vpeYnoZUYZRDrkbpBoSQgfkBrqWSiJA97Jx4hzvWCXC/VjZJw0eq983MiK0HonQThYJ9W+vEP/yuqnpN3sZk0lqQNLJoX7KsYlx8X0cMQXU8JElhCpms2J6SxShxpbkuoGEOxoLQWSUBcMh0DwLUhmBKvrNXVvSVxP4f9Kp1w5r/ule9eh42lYZbaFttIt8dICO0Alqow6iSKIH9IienHvn2XlxXiejJWe6s4l+wHn7BNI6noY=</latexit><latexit sha1_base64="CrnYdsg3AX8TCvekCvofgJCuoxI=">AAACEHicdVDLSgMxFM3UVx1fVZdugkVwVWaK1boTu3FZwarYKZLJ3GpokhmSTKUM8xW61f9wJW79A3/DLzDTVlDRA4HDOfdyT06YcKaN5707pZnZufmF8qK7tLyyulZZ3zjXcaoodGjMY3UZEg2cSegYZjhcJgqICDlchINW4V8MQWkWyzMzSqAnyI1kfUaJsdJVIIi5DcOslV9Xql7NP2zU95t4SupfpIH9mjdGFU3Rvq58BFFMUwHSUE607vpeYnoZUYZRDrkbpBoSQgfkBrqWSiJA97Jx4hzvWCXC/VjZJw0eq983MiK0HonQThYJ9W+vEP/yuqnpN3sZk0lqQNLJoX7KsYlx8X0cMQXU8JElhCpms2J6SxShxpbkuoGEOxoLQWSUBcMh0DwLUhmBKvrNXVvSVxP4f9Kp1w5r/ule9eh42lYZbaFttIt8dICO0Alqow6iSKIH9IienHvn2XlxXiejJWe6s4l+wHn7BNI6noY=</latexit><latexit sha1_base64="CrnYdsg3AX8TCvekCvofgJCuoxI=">AAACEHicdVDLSgMxFM3UVx1fVZdugkVwVWaK1boTu3FZwarYKZLJ3GpokhmSTKUM8xW61f9wJW79A3/DLzDTVlDRA4HDOfdyT06YcKaN5707pZnZufmF8qK7tLyyulZZ3zjXcaoodGjMY3UZEg2cSegYZjhcJgqICDlchINW4V8MQWkWyzMzSqAnyI1kfUaJsdJVIIi5DcOslV9Xql7NP2zU95t4SupfpIH9mjdGFU3Rvq58BFFMUwHSUE607vpeYnoZUYZRDrkbpBoSQgfkBrqWSiJA97Jx4hzvWCXC/VjZJw0eq983MiK0HonQThYJ9W+vEP/yuqnpN3sZk0lqQNLJoX7KsYlx8X0cMQXU8JElhCpms2J6SxShxpbkuoGEOxoLQWSUBcMh0DwLUhmBKvrNXVvSVxP4f9Kp1w5r/ule9eh42lYZbaFttIt8dICO0Alqow6iSKIH9IienHvn2XlxXiejJWe6s4l+wHn7BNI6noY=</latexit>‣ benchmarking as part of WGR 4 

‣ limitations known and tackled 

‣ limits on ad-hoc EFT deformations 
HXSWG benchmarks e.g. [CMS `18]
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Trilinear and Quartic Couplings: SM expectation
trilinear couplings directly sensitive to the Higgs potential

<latexit sha1_base64="Hya6F+lzw1eWBcgwqXRIKXZHJ7Y="></latexit>

LSM � |Dµ�|2 � V (�)

quartic Higgs-V couplings are gauge couplings 
deviations correlated with single Higgs data for concrete scenarios 
significant progress for generic approaches beyond classical limit

V

<latexit sha1_base64="LSmjEwNRLstODte0SJaNo1fMK80=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmu1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALaRjOY=</latexit>

V

<latexit sha1_base64="LSmjEwNRLstODte0SJaNo1fMK80=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmu1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALaRjOY=</latexit>

H

<latexit sha1_base64="lfuYL0qeJTWMHajRi6QNrzglQuY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FveSYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+d++wmV5rF8MJME/YgOJQ85o8ZKjVq/WHLL7gJknXgZKUGGer/41RvELI1QGiao1l3PTYw/pcpwJnBW6KUaE8rGdIhdSyWNUPvTxaEzcmGVAQljZUsaslB/T0xppPUkCmxnRM1Ir3pz8T+vm5rwxp9ymaQGJVsuClNBTEzmX5MBV8iMmFhCmeL2VsJGVFFmbDYFG4K3+vI6aV2VvUr5tlEpVe+yOPJwBudwCR5cQxVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AaFZjNg=</latexit>

hHi

<latexit sha1_base64="FdhHI8yS0+v1/fQR4u6RaLeZiIo=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFUSEdRd0U2XFewFmlAm00k7dDIJMxOlxD6KGxeKuPVJ3Pk2TtMstPWHgY//nMM58wcJZ0o7zrdVWlvf2Nwqb1d2dvf2D+zqYUfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weR2Xu8+UKlYLO71NKF+hEeChYxgbayBXfU4FiNOURN5MqeBXXPqTi60Cm4BNSjUGthf3jAmaUSFJhwr1XedRPsZlpoRTmcVL1U0wWSCR7RvUOCIKj/LT5+hU+MMURhL84RGuft7IsORUtMoMJ0R1mO1XJub/9X6qQ6v/IyJJNVUkMWiMOVIx2ieAxoySYnmUwOYSGZuRWSMJSbapFUxIbjLX16Fznndvahf313UGjdFHGU4hhM4AxcuoQFNaEEbCDzCM7zCm/VkvVjv1seitWQVM0fwR9bnD4fMk40=</latexit>

V

<latexit sha1_base64="LSmjEwNRLstODte0SJaNo1fMK80=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmu1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALaRjOY=</latexit>

V

<latexit sha1_base64="LSmjEwNRLstODte0SJaNo1fMK80=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmu1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALaRjOY=</latexit>

H

<latexit sha1_base64="lfuYL0qeJTWMHajRi6QNrzglQuY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FveSYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+d++wmV5rF8MJME/YgOJQ85o8ZKjVq/WHLL7gJknXgZKUGGer/41RvELI1QGiao1l3PTYw/pcpwJnBW6KUaE8rGdIhdSyWNUPvTxaEzcmGVAQljZUsaslB/T0xppPUkCmxnRM1Ir3pz8T+vm5rwxp9ymaQGJVsuClNBTEzmX5MBV8iMmFhCmeL2VsJGVFFmbDYFG4K3+vI6aV2VvUr5tlEpVe+yOPJwBudwCR5cQxVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AaFZjNg=</latexit>

vs MCHM5
<latexit sha1_base64="/73Bz8lR31EgpYOwMeGbS/wJieM=">AAAB+XicbVBNT8JAEJ3iF+JX1aOXjcTEi9gSoh6JXjxiIh8JFLJdtrBhu627WxLS8E+8eNAYr/4Tb/4bF+hBwZdM8vLeTGbm+TFnSjvOt5VbW9/Y3MpvF3Z29/YP7MOjhooSSWidRDySLR8rypmgdc00p61YUhz6nDb90d3Mb46pVCwSj3oSUy/EA8ECRrA2Us+2O+pJ6tS9GHfLl0G3PO3ZRafkzIFWiZuRImSo9eyvTj8iSUiFJhwr1XadWHsplpoRTqeFTqJojMkID2jbUIFDqrx0fvkUnRmlj4JImhIazdXfEykOlZqEvukMsR6qZW8m/ue1Ex3ceCkTcaKpIItFQcKRjtAsBtRnkhLNJ4ZgIpm5FZEhlphoE1bBhOAuv7xKGuWSe1WqPFSK1dssjjycwCmcgwvXUIV7qEEdCIzhGV7hzUqtF+vd+li05qxs5hj+wPr8AZP8kvs=</latexit>p
1� v2/f2

<latexit sha1_base64="Kt0H/kwHXJnIfErszWa2DlgS1iY=">AAAB8XicbVBNT8JAEJ3iF+IX6tHLRmLiRWwboh6JXjxiIh8RCtkuW9iw3Ta7WxLS8C+8eNAYr/4bb/4bF+hBwZdM8vLeTGbm+TFnStv2t5VbW9/Y3MpvF3Z29/YPiodHDRUlktA6iXgkWz5WlDNB65ppTluxpDj0OW36o7uZ3xxTqVgkHvUkpl6IB4IFjGBtpCfnwh133cug6/aKJbtsz4FWiZOREmSo9YpfnX5EkpAKTThWqu3YsfZSLDUjnE4LnUTRGJMRHtC2oQKHVHnp/OIpOjNKHwWRNCU0mqu/J1IcKjUJfdMZYj1Uy95M/M9rJzq48VIm4kRTQRaLgoQjHaHZ+6jPJCWaTwzBRDJzKyJDLDHRJqSCCcFZfnmVNNyyc1WuPFRK1dssjjycwCmcgwPXUIV7qEEdCAh4hld4s5T1Yr1bH4vWnJXNHMMfWJ8/ruKPog==</latexit>

1� 2v2/f2

vs singlet mix.
<latexit sha1_base64="EFiRL1Ip06hBoViLdp53sJhXn+0=">AAAB8XicbVBNSwMxEM3Wr1q/qh69BIvgqeyWoh6LXjxWsB/YXUs2nW1Ds8mSZIWy9F948aCIV/+NN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tUUWhRyaXqhkQDZwJahhkO3UQBiUMOnXB8M/M7T6A0k+LeTBIIYjIULGKUGCs9+FTqx5oPhvTLFbfqzoFXiZeTCsrR7Je//IGkaQzCUE607nluYoKMKMMoh2nJTzUkhI7JEHqWChKDDrL5xVN8ZpUBjqSyJQyeq78nMhJrPYlD2xkTM9LL3kz8z+ulJroKMiaS1ICgi0VRyrGRePY+HjAF1PCJJYQqZm/FdEQUocaGVLIheMsvr5J2repdVOt39UrjOo+jiE7QKTpHHrpEDXSLmqiFKBLoGb2iN0c7L86787FoLTj5zDH6A+fzB0qXkK4=</latexit>

cos2 ⌘ <latexit sha1_base64="2/09caKMpd5bOqqTGBlXFbjNhKo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ac0oWy2k3bpZhN3N0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCalGwSU2DTcCO6lCGocC2+Hodua3n1BpnsgHM04xiOlA8ogzaqzU8VmifTS0V664VXcOskq8nFQgR6NX/vL7CctilIYJqnXXc1MTTKgynAmclvxMY0rZiA6wa6mkMepgMr93Ss6s0idRomxJQ+bq74kJjbUex6HtjKkZ6mVvJv7ndTMTXQcTLtPMoGSLRVEmiEnI7HnS5wqZEWNLKFPc3krYkCrKjI2oZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExgIeIZXeHMenRfn3flYtBacfOYY/sD5/AEggpAK</latexit>cos ⌘

𝜅λ, 𝜅2V 

fingerprint 
(elements of ) 

EWSB 
mechanism

H

<latexit sha1_base64="lfuYL0qeJTWMHajRi6QNrzglQuY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FveSYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+d++wmV5rF8MJME/YgOJQ85o8ZKjVq/WHLL7gJknXgZKUGGer/41RvELI1QGiao1l3PTYw/pcpwJnBW6KUaE8rGdIhdSyWNUPvTxaEzcmGVAQljZUsaslB/T0xppPUkCmxnRM1Ir3pz8T+vm5rwxp9ymaQGJVsuClNBTEzmX5MBV8iMmFhCmeL2VsJGVFFmbDYFG4K3+vI6aV2VvUr5tlEpVe+yOPJwBudwCR5cQxVqUIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AaFZjNg=</latexit>

[Buchalla et al.`18] 
…
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3.2 The NLO QCD Corrections in the C2HDM

The diagrams contributing to the LO production of a C2HDM Higgs pair HiHj are depicted in
Fig. 4. In contrast to the EFT approach, the cross section does not receive contributions from
the e↵ective couplings, obtained from integrating out heavy states. Furthermore, as we have
now three CP-violating Higgs states Hi, we can have di↵erent combinations of Higgs pairs in
the final state, and in the first diagram of Fig. 4 we have to sum over all three possible Higgs
boson exchanges Hk (k = 1, 2, 3). Finally, we have an additional diagram contributing to Higgs
pair production where a virtual Z boson couples to the triangle and subsequently decays into
a Higgs pair, cf. second diagram in Fig. 4. This diagram does not contribute for equal Higgs
bosons in the final state, as the coupling coe�cient c(ZHiHj) vanishes in this case. The LO
partonic cross section for the production of the Higgs pair HiHj (i, j = 1, 2, 3) can then be cast
into the form
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Figure 4: Generic diagrams contributing to C2HDM Higgs pair production in gluon fusion at LO.
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𝜅λ : indirect vs direct sensitivity

‣ 𝜅λ enters (with theoretical assumptions) in loop 
corrections to Higgs and  EW precision measurements
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Figure 2: Values of �2 ln⇤ as a function of �. Left panel: the mW + sin2 ✓lepe↵ combination,
the single-Higgs analyses, the double-Higgs analyses and their combination. Right panel: The

mW , the sin2 ✓lepe↵ , their combination and the combination of the single-Higgs and double-Higgs
analyses.

observables best fit 68 % CL interval 95 % CL interval

sin2 ✓lepe↵ 0.2 -12.8 � 16.2 -18.5 �[> 20]
mW 1.8 -3.9 � 7.6 -8.4 � 12.1

mW + sin2 ✓lepe↵ 1.8 -3.9 � +7.5 -8.2 � 11.8
HH 5.2 -1.2 � +9.2 -5.0 � 11.9
single-H 4.6 +0.05 � +8.8 -3.0 � 11.8
Combination 4.0 0.7 � 6.9 -1.8 � 9.2

Table 5: Best fit results, 68% and 95% CL intervals for all measurements used in this work
and their combination.

to reach a better constraint on � while the EWPO have a smaller impact on
the result. The fit results are summarised in Table 5.

In order to compare the impact on the fit of the two EWPO we disentangle
the likelihood functions of mW and sin2 ✓lepe↵ from the mW +sin2 ✓lepe↵ combination
and from the combination of single-Higgs plus double-Higgs results, as shown
on the right panel of Figure 2. The sensitivity of the EWPO is dominated by
the mW measurement that represents an important addition to the single-Higgs
and double-Higgs combination. In order to investigate if this result is due to
the intrinsic sensitivity of the EWPO, we have performed the likelihood scan
setting all the fit parameters to their SM expectations. For the HH analyses the
expected likelihood function has been taken directly from ref.[52], while for the
single-Higgs analyses and the EWPO, it has been assumed that the correlation
matrix and the fractional error on the fitted parameters don’t change when
the parameters move from their observed values to their expected ones. The
resulting -2 ln⇤ functions are shown in Figure 3.
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3.2 The NLO QCD Corrections in the C2HDM

The diagrams contributing to the LO production of a C2HDM Higgs pair HiHj are depicted in
Fig. 4. In contrast to the EFT approach, the cross section does not receive contributions from
the e↵ective couplings, obtained from integrating out heavy states. Furthermore, as we have
now three CP-violating Higgs states Hi, we can have di↵erent combinations of Higgs pairs in
the final state, and in the first diagram of Fig. 4 we have to sum over all three possible Higgs
boson exchanges Hk (k = 1, 2, 3). Finally, we have an additional diagram contributing to Higgs
pair production where a virtual Z boson couples to the triangle and subsequently decays into
a Higgs pair, cf. second diagram in Fig. 4. This diagram does not contribute for equal Higgs
bosons in the final state, as the coupling coe�cient c(ZHiHj) vanishes in this case. The LO
partonic cross section for the production of the Higgs pair HiHj (i, j = 1, 2, 3) can then be cast
into the form
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Figure 4: Generic diagrams contributing to C2HDM Higgs pair production in gluon fusion at LO.
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FIG. 1: Representative two-loop Feyn-
man diagram topologies of the elec-
troweak boson polarisation functions for
boson V that give rise to the electroweak
oblique corrections S, T, U ⇠ �,�2. �,�0

denote all possible Higgs and Goldstone
boson insertions. V, V 0, V 00 = W,Z,A
label all allowed SM vector boson inser-
tions.
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tions similar to Fig. 1. The first di-
agram represents two-loop renormalisa-
tion constants that are not obtained from
one-loop inserted one-loop renormalisa-
tion constants. Note that ��0V 00 vertex
counterterms are suppressed.

where cW , sW are the cosine and sine of the Weinberg an-
gle and ↵ = e

2
/(4⇡) is the fine structure constant, respec-

tively. S, T, U parametrise the leading modifications of
gauge boson interactions due to presence of new physics
a↵ecting their propagation, i.e. they capture modifica-
tions away from the SM expectation of electroweak four-
fermion scattering processes.

In these definitions we have already exploited the Ward
identity ⇧AA(0) = 0 which means that we will work with
on-shell renormalised quantities in the following. For in-
stance for our scalar S insertions we obtain before renor-
malisation in D dimensional regularisation and Feynman
gauge, Fig. 1 (a),(b),(e),
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which cancels against the renormalised Goldstone contri-
bution
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as at one-loop the tadpole renormalisation �t given in
Eq. (15).

H

H H

Figure 1. One-loop �3-dependent diagram in the Higgs self-energy.

to vector bosons at one loop. However, since such loop-induced �3-dependent contributions
are energy- and observable-dependent, the resulting modifications cannot be parameterised
via a rescaling of the tree-level couplings of the single Higgs production and decay processes
considered. Thus, it is important to keep in mind that the effects discussed in this work
cannot be correctly captured by the standard -framework [6, 7].

Let us now start by classifying the �3-dependent contributions that come from the
O(↵) corrections to single Higgs production and decay processes. These contributions can
be divided into two categories: a universal part, i.e., common to all processes, quadratically
dependent on �3 and a process-dependent part linearly proportional to �3.

The universal O(�3
2) corrections originate from the diagram in the wave function

renormalisation constant of the external Higgs field, see Fig. 1. This contribution represents
a renormalisation factor common to all the vertices where the Higgs couples to vector bosons
or fermions. Thus, for on-shell Higgs boson production and decay, it induces the same effect
for all processes, without any dependence on the kinematics. Denoting as M a generic
amplitude for single Higgs production or a Higgs decay width, the correction to M induced
by the �3-dependent diagram of Fig. 1 can be written as

(�M)
ZH

=
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ZH � 1
⌘
M

0
, ZH =

1

1� 
2

�
�ZH

, (2.2)

where M
0 is the lowest-order amplitude and

�ZH = �
9

16

Gµm
2
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p
2⇡2

✓
2⇡

3
p
3
� 1

◆
. (2.3)

In order to extend the range of convergence of the perturbative expansion to large
values of �, the one-loop contribution in ZH has been resummed. In so doing, terms of
O((2

�
↵)n) which are expected to be the dominant higher-order corrections at large � are

correctly accounted for.
In addition to the �3

2 universal term above, amplitudes depend linearly on �3 differently
for each process and kinematics. Let M

0 be the Born amplitude corresponding to a given
process (production or decay). At the level of cross section or decay width, the linear
dependence on �3 originates from the interference of the Born amplitude M0 and the virtual
EW amplitude M

1, besides the wave function renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-level diagrams,
like, e.g., vector boson fusion production, while it involves two-loop diagrams when the LO
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𝜅λ : looking into the future
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Theoretical consistency
‣ significant work devoted to constraining VVhh interactions

6

1 Introduction

The Higgs boson (H) was discovered by the ATLAS and CMS collaborations in 2012 [1, 2] using
proton–proton (pp) collisions at the Large Hadron Collider (LHC). The measured properties have so far
been found to be in agreement with the Standard Model (SM) predictions. The production of a pair of Higgs
bosons (HH) is a rare process in the SM with a cross-section about 1000 times smaller than the single
Higgs boson production cross-section, but various theories beyond the SM (BSM) predict cross-sections
for HH production that are significantly higher than the SM prediction. Spin-0 resonances, with narrow or
broad width, that decay into Higgs boson pairs, appear in BSM scenarios [3, 4]. Enhanced non-resonant
Higgs boson pair production is predicted by many models, for example those featuring light coloured
scalars [5] or new contact interactions, such as direct tt̄HH vertices [6, 7].

Previous searches for Higgs boson pair production in the bb̄bb̄ channel were carried out in the gluon–gluon
fusion (ggF) production mode by the ATLAS and CMS collaborations [8–12], and limits were set for
resonant and non-resonant production. Statistical combinations of search results for HH in various decay
channels were also performed by the two experiments [13, 14], profiting from the sensitivity of several
final states.

This paper focuses on searches for Higgs boson pair production via vector-boson fusion (VBF), through
diagrams such as those presented in Figure 1, and using the dominant H ! bb̄ decay mode [15]. The VBF
process (pp ! HH j j) is characterised by the presence of two jets ( j) with a large rapidity gap resulting
from quarks from which a vector boson (V) is radiated. In the SM, three di�erent types of couplings are
involved in HH production via VBF: the Higgs boson self-coupling (HHH), the Higgs-boson–vector-boson
coupling (VHH) and the quartic (di-vector-boson–di-Higgs-boson, or VVHH) coupling. The coupling
modifiers �, V and 2V control the strength of the HHH, VHH and VVHH couplings with respect to the
SM value, respectively, and are normalised so that they are equal 1 in the SM. A deviation of these coupling
modifiers from their SM expectations could lead to enhanced HH production. While searches in the ggF
mode are more sensitive to deviations in �, the VBF topology has greater sensitivity to 2V [15] because
the ggF mode produces Higgs bosons via a loop of heavy quarks. For resonant production, two classes
of signals are tested to perform a generic inclusive search for resonances with masses mX in the range
260–1000 GeV. The first signal class is representative of a broad resonance with width typically 10-20%
of the signal mass; it corresponds to a heavy scalar of the 2HDM Type II model [16] and is obtained by

H

q

q

V �

H

H

q

q

(a)

H

H

q

q

V

V

q

q

(b)

q

q

2V
H

H

q

q

(c)

X

q

q

H

H

q

q

(d)

Figure 1: Tree-level Feynman diagrams contributing to Higgs boson pair production via VBF. Diagrams (a), (b) and
(c) illustrate the non-resonant production modes scaling with V �, 2

V
and 2V , respectively. Diagram (d) illustrates

the resonant production mode.

2

gauge coupling ∼ V3,4, HV2

‣ 𝜅V sensitive in the electroweak fit, suppressed 𝜅2V impact 
‣ nature preserves probability ⇒ is the constraint relevant, or do we just 

map something obvious (unitarity) onto something opaque (𝜅2V) ?

e.g. [ATLAS 2001.05178] 
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‣ longitudinal gauge boson polarisations scale ∼ E(W), growth of 
amplitude ∼E2(W)  ⟹  𝜅2V≠ 1: loss of unitarity at a critical scale 𝛬

has to be larger than 
maximum energy probed in 

analysis 

maximum energy 
correlates with critical 

𝜅2V=1+c2V, analysis needs to 
perform better than that

maximum energy 
correlates with critical 

𝜅2V=1+c2V, analysis needs to 
perform better than that

‣ checking this for [ATLAS 2001.05178] 
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DOI: 10.1007/JHEP07(2020)108

CERN-EP-2019-267
23rd July 2020

Search for the HH ! bb̄bb̄ process via
vector-boson fusion production using

proton–proton collisions at ps = 13 TeV with the
ATLAS detector

The ATLAS Collaboration

A search for Higgs boson pair production via vector-boson fusion (VBF) in the bb̄bb̄ final
state is carried out with the ATLAS experiment using 126 fb�1 of proton–proton collision
data delivered at

p
s = 13 TeV by the Large Hadron Collider. This search is sensitive to

VBF production of additional heavy bosons that may decay into Higgs boson pairs, and in a
non-resonant topology it can constrain the quartic coupling between the Higgs bosons and
vector bosons. No significant excess relative to the Standard Model expectation is observed,
and limits on the production cross-section are set at the 95% confidence level for a heavy
scalar resonance in the context of an extended Higgs sector, and for non-resonant Higgs boson
pair production. Interpretation in terms of the coupling between a Higgs boson pair and two
vector bosons is also provided: coupling values normalised to the Standard Model expectation
of 2V < �0.76 and 2V > 2.90 are excluded at the 95% confidence level in data.

© 2020 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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‣ checking this for 2001.05178:
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CERN-EP-2019-267
23rd July 2020

Search for the HH ! bb̄bb̄ process via
vector-boson fusion production using

proton–proton collisions at ps = 13 TeV with the
ATLAS detector

The ATLAS Collaboration

A search for Higgs boson pair production via vector-boson fusion (VBF) in the bb̄bb̄ final
state is carried out with the ATLAS experiment using 126 fb�1 of proton–proton collision
data delivered at

p
s = 13 TeV by the Large Hadron Collider. This search is sensitive to

VBF production of additional heavy bosons that may decay into Higgs boson pairs, and in a
non-resonant topology it can constrain the quartic coupling between the Higgs bosons and
vector bosons. No significant excess relative to the Standard Model expectation is observed,
and limits on the production cross-section are set at the 95% confidence level for a heavy
scalar resonance in the context of an extended Higgs sector, and for non-resonant Higgs boson
pair production. Interpretation in terms of the coupling between a Higgs boson pair and two
vector bosons is also provided: coupling values normalised to the Standard Model expectation
of 2V < �0.76 and 2V > 2.90 are excluded at the 95% confidence level in data.

© 2020 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

ar
X

iv
:2

00
1.

05
17

8v
2 

 [h
ep

-e
x]

  2
2 

Ju
l 2

02
0

maxE ⇠ 800 GeV

<latexit sha1_base64="dsGIUlAR0Fbqzff5RmjK4rwfXK8=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgETyWRgnoTRfSoYKvQhLLZTnXpbhJ2J9ISKl78K148KOLVP+HNf+O29qCtDwYe780wMy9KpTDoeV9OYWp6ZnauOF9aWFxaXnFX1+omyTSHGk9koq8jZkCKGGooUMJ1qoGpSMJV1Dke+Fd3oI1I4kvspRAqdhOLtuAMrdR0NwLFuvSEBkYouu959wFCF/NTqPebbtmreEPQSeKPSJmMcN50P4NWwjMFMXLJjGn4XophzjQKLqFfCjIDKeMddgMNS2OmwIT58Ic+3bZKi7YTbStGOlR/T+RMGdNTke1UDG/NuDcQ//MaGbb3w1zEaYYQ859F7UxSTOggENoSGjjKniWMa2FvpfyWacbRxlayIfjjL0+S+m7Fr1YOLqrlw6NRHEWySbbIDvHJHjkkZ+Sc1AgnD+SJvJBX59F5dt6c95/WgjOaWSd/4Hx8A4b2ltg=</latexit>

600 800 1000 1200 1400 1600 1800 2000

-6

-4

-2

0

2

4

6

Scale of unitarity breakdown [GeV]

cr
iti
ca
lc
2v constraint

max E
👍

Phenomenological 
situation qualitatively similar to 

run-1 𝜅 Higgs framework: 
sensitivity to low to theoretically 

critical deviations.



Weak boson fusion: Looking to the future

9

see also 
[Bishra, Contino, Rojo `17] 

[Arganda, Garcia-Garcia, Herrero`18] 
[Killian et al. `21] 
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FIG. 8: Expected limits on the gauge-Higgs quartic couplings ζ = gV V hh/g
SM
V V hh under the assumption of no systematic

uncertainties (a) and 20% systematic uncertainties (b).

Working Group κ framework [57] will greatly enhance the
signal cross section. This allows us to constrain ζ defined
by gV V hh = ζ×gSMV V hh. To achieve this we have generated
events with varying ζ using MadEvent v5 and applied
the WBF selections described in Section IVB to estimate
the enhancement of the signal, which is compared to ex-
pected cross section limits on the signal with 3 ab−1 of
data in the WBF selection under the assumptions of no
systematic uncertainties and 20% total systematic un-
certainties for comparison. The results are presented in
Figure 8. We find that in the more realistic scenario of
20% systematic uncertainties the expected constraint on
the gV V hh couplings is 0.55 < ζ < 1.65 at 95% confi-
dence level. A measurement of pp → hhjj is therefore
crucial to constrain new physics which enters predomi-
nantly through enhancements to gV V hh.

D. Event shapes of the tagging jets system

The analysis strategies outlined so far have mainly re-
lied on exploiting correlations in the di-Higgs system,
with only ∆η(j1, j2) carrying information about the tag-
ging jets. Following similar applications in the context
of single Higgs production [51], we investigate a range
of event shapes in the tagging jets system in the follow-
ing, which could offer additional discriminating power
through capturing colour correlations in the different sig-
nal contributions beyond angular dependencies. More
specifically, we will focus on N -jettiness [62, 63] and
thrust major which provided the best results.
We calculate N -jettiness by minimising

τN = C
∑

k

pT,k min(∆Rk,1, . . . ,∆Rk,N ) (3)

where C is a normalisation which cancels when taking

the ratio of two τs, the sum is taken over all visible mo-
menta which do not belong to one of the identified Higgs
candidates within |η| < 5, and ∆Rk,n is the distance in
the η−φ plane between the k-th momentum and the n-th
reference vector. τ3/2 is then explicitly given by τ3/τ2.
Thrust major is defined by

Tmaj = max
n·nT=0

∑

k |pk · n|
∑

k |pk|
(4a)

where nT is the normalised thrust vector

nT = max
n

∑

k |pk · n|
∑

k |pk|
, (4b)

Again the sums run over all visible momenta which do not
belong to one of the identified Higgs candidates within
|η| < 5.
We find τ3/2 and Tmaj show promise for improving the

WBF selection, but the signal cross section is already
too low for us to be able to make meaningful use of this
insight. The τ3/2 and Tmaj distributions after the GF
and WBF selections have been applied are presented in
Fig. 9. Cutting, e.g., on Tmaj < 0.05, the gluon fusion
contribution is reduced by 80%, while the WBF contri-
bution is reduced by only 55% amounting to a total of 2
expected WBF and 0.3 expected GF events, with back-
grounds very strongly suppressed. This means that WBF
can in principle be observed at a small rate that can be
used to set constraints on new physics in an almost GF-
free selection with greatly reduced backgrounds.
The event shape distributions can also be used to

greatly reduce the background in the GF selection,
Fig. 9(c). It should be noted that these improvements of
GF vs WBF vs background ultimately depend on under-
lying event and pile up conditions and have to be taken
with a grain of salt at this stage early in run 2. However
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FIG. 8: Expected limits on the gauge-Higgs quartic couplings ζ = gV V hh/g
SM
V V hh under the assumption of no systematic

uncertainties (a) and 20% systematic uncertainties (b).

Working Group κ framework [57] will greatly enhance the
signal cross section. This allows us to constrain ζ defined
by gV V hh = ζ×gSMV V hh. To achieve this we have generated
events with varying ζ using MadEvent v5 and applied
the WBF selections described in Section IVB to estimate
the enhancement of the signal, which is compared to ex-
pected cross section limits on the signal with 3 ab−1 of
data in the WBF selection under the assumptions of no
systematic uncertainties and 20% total systematic un-
certainties for comparison. The results are presented in
Figure 8. We find that in the more realistic scenario of
20% systematic uncertainties the expected constraint on
the gV V hh couplings is 0.55 < ζ < 1.65 at 95% confi-
dence level. A measurement of pp → hhjj is therefore
crucial to constrain new physics which enters predomi-
nantly through enhancements to gV V hh.

D. Event shapes of the tagging jets system

The analysis strategies outlined so far have mainly re-
lied on exploiting correlations in the di-Higgs system,
with only ∆η(j1, j2) carrying information about the tag-
ging jets. Following similar applications in the context
of single Higgs production [51], we investigate a range
of event shapes in the tagging jets system in the follow-
ing, which could offer additional discriminating power
through capturing colour correlations in the different sig-
nal contributions beyond angular dependencies. More
specifically, we will focus on N -jettiness [62, 63] and
thrust major which provided the best results.
We calculate N -jettiness by minimising

τN = C
∑

k

pT,k min(∆Rk,1, . . . ,∆Rk,N ) (3)

where C is a normalisation which cancels when taking

the ratio of two τs, the sum is taken over all visible mo-
menta which do not belong to one of the identified Higgs
candidates within |η| < 5, and ∆Rk,n is the distance in
the η−φ plane between the k-th momentum and the n-th
reference vector. τ3/2 is then explicitly given by τ3/τ2.
Thrust major is defined by

Tmaj = max
n·nT=0

∑

k |pk · n|
∑

k |pk|
(4a)

where nT is the normalised thrust vector

nT = max
n

∑

k |pk · n|
∑

k |pk|
, (4b)

Again the sums run over all visible momenta which do not
belong to one of the identified Higgs candidates within
|η| < 5.
We find τ3/2 and Tmaj show promise for improving the

WBF selection, but the signal cross section is already
too low for us to be able to make meaningful use of this
insight. The τ3/2 and Tmaj distributions after the GF
and WBF selections have been applied are presented in
Fig. 9. Cutting, e.g., on Tmaj < 0.05, the gluon fusion
contribution is reduced by 80%, while the WBF contri-
bution is reduced by only 55% amounting to a total of 2
expected WBF and 0.3 expected GF events, with back-
grounds very strongly suppressed. This means that WBF
can in principle be observed at a small rate that can be
used to set constraints on new physics in an almost GF-
free selection with greatly reduced backgrounds.
The event shape distributions can also be used to

greatly reduce the background in the GF selection,
Fig. 9(c). It should be noted that these improvements of
GF vs WBF vs background ultimately depend on under-
lying event and pile up conditions and have to be taken
with a grain of salt at this stage early in run 2. However

[Dolan et al. `13, `15]
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‣ interplay with gluon fusion in finite top 
mass critical to evaluate sensitivity yield

‣ potential improvements through traditional techniques (jet vetos, etc.) 
and machine learning [Killian et al. `21] 

[Diaz et al. `22]
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𝜅2V informing concrete scenarios?

‣ SM-likeness of 125 GeV selects 
alignment limit, 𝜅λ and 𝜅2V 

suppressed 

‣ heavy exotics and allignment                                 
WBF plays an essential role!

IV Results of the Full Parameter Scan

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 200  300  400  500  600  700  800  900  1000

| s
in
α

 | 
 (u

pp
er

 li
m

it)

m [GeV]

W boson mass
EW observables (S,T,U)
λ1 perturbativity (tanβ=0.1)
perturbative unitarity (tanβ=0.1)
LHC SM Higgs searches
Higgs signal rates

FIG. 8: Comparison of all constraints on | sin↵| as a function of the heavy Higgs mass m in the high mass
region. The �1 perturbativity and perturbative unitarity constraint have been evaluated for tan� = 0.1.

masses fixed at 125.14GeV and vary the other, while in the intermediate mass region we treat both

Higgs masses as scan parameters. In the following we first present results for fixed mass m in order

to facilitate the understanding of the respective parameter space in dependence of sin↵, tan�.

These discussions will then be extended by a more general scan, where all parameters are allowed

to vary simultaneously. For each of these scans, we generate around O(105� 106) points. We close

the discussion of each mass region by commenting on the relevant collider phenomenology.

A. High mass region

In this section, we explore the parameter space of the high mass region, m 2 [130, 1000]GeV.

In general, for masses m � 600 GeV, our results agree with those presented in Ref. [41]. However,

we obtain stronger bounds on the maximally allowed value of | sin↵| due to the constraints from

the NLO calculation of mW [43], which has not been available for the previous analysis [41]. As

has been discussed in Section IIID, Fig. 3, the constraints from mW are much more stringent than

those obtained from the oblique parameters S, T , and U in the high mass region.

We compile all previously discussed constraints on the maximal mixing angle in Fig. 8. Fur-

thermore, the (one-dimensional) allowed regions in | sin↵| and tan� are given in Tab. II for fixed

values of m.12 Here, the allowed range of | sin↵| is evaluated for fixed tan� = 0.15 and we explicitly

specify the relevant constraint that provides in the upper limit on | sin↵|. We find the following

12 Note, that the upper limit on | sin↵| from the Higgs signal rates is based on a two-dimensional ��
2 profile (for

floating mh) in Fig. 8, whereas in Tab. II the one-dimensional ��
2 profile (for fixed mh) is used. This leads to

small di↵erences in the obtained limit.

20

[Robens, Stefaniak `15]….. 

[HXSWG `11] 

…good coverage of searches for SM-
like Higgs and SM HH channels…
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Proof-of-principle analyses

3

FIG. 1: Normalized distribution of ⌘?

j3
= |⌘j3 � (⌘j1 + ⌘j2)/2|

for the dominant 4b background (blue) and the WBF signal
events MH = 0.5 TeV (red) and 1 TeV (black) after imposing
the basic selection cuts and the VBF selections: ⌘j1 ⇥ ⌘j2 < 0,
|⌘j1 � ⌘j2| > 4.2 and mjj > 1 TeV.

III. ANALYSIS

We derive the LHC sensitivity to di-Higgs resonances
in the Vector Boson Fusion (VBF) channel pp ! Hjj,
with H ! hh ! 4b. The signal is characterized by four
bottom tagged jets in association with two light flavor
jets. The leading backgrounds for this process are pp !

4b+ 2j, 2b+ 4j, and tt̄bb̄.
We generate the WBF and QCD pp ! (H ! hh)jj

signal samples with Vbfnlo [52], which we have mod-
ified to include the H ! hh decay. The backgrounds
are generated with MadGraph5aMC@NLO [53]. All
samples are generated at leading order with center of
mass energy of

p
s = 13 TeV. Parton shower, hadroniza-

tion, and underlying event e↵ects are accounted for with
Pythia8 [54]. Jets are defined through the anti-kT al-
gorithm with R = 0.4, pTj > 30 GeV, and |⌘j | < 4.5 via
FastJet [55]. We assume 70% b-tagging e�ciency and
1% mistag rate.

We start our analysis demanding at least six jets
in the final state, where four of those are b-tagged.
We impose a minimum threshold for the invariant
mass for the four b-jets of m4b > 350 GeV and veto
leptons with pT ` > 12 GeV and |⌘`| < 2.5. The
two light-flavor jets with highest rapidity, j1,2, sat-
isfy the VBF topology falling in di↵erent hemispheres
of the detector ⌘j1 ⇥ ⌘j2 < 0, with large rapidity sep-
aration |⌘j1 � ⌘j2| > 4.2, and sizable invariant mass
mjj > 1 TeV.

While the WBF signal displays suppressed extra jet
emissions in the central region of the detector, the bulk
of the QCD background radiation is centered around this
regime [60–63]. In Fig. 1, we illustrate this property dis-
playing two mass scenarios for the WBF signal samples,
mH = 0.5 TeV and 1 TeV. The more massive is the
signal resonance, the further forward the tagging jets
hit the detector. This phenomenological pattern is re-
lated to gauge boson scattering V V ! hh around the

heavy Higgs pole, where the longitudinal and transverse
scattering amplitudes scale as ALL/ATT ⇠ m

2
H
/m

2
V

for
mH � mV [64–66]. We explore this feature to further
suppress the backgrounds imposing that the rapidity for
the third jet ⌘j3 satisfies the relation

����⌘j3 �
⌘j1 + ⌘j2

2

���� > 2.5 . (III.1)

After establishing the VBF topology, the next step of
the analysis focuses on the Higgs bosons reconstruction.
This is performed by identifying among the four b-jets
the pair whose invariant mass mh1 is closest to the Higgs
mass, mh = 125 GeV. The remaining b-jet pair defines
the second Higgs boson candidate h2. In the two dimen-
sional space defined by the masses of the Higgs boson
candidates (mh1,mh2), the signal region is defined to be
within the circular region

s✓
mh1 � 125 GeV

20 GeV

◆2

+

✓
mh2 � 125 GeV

20 GeV

◆2

< 1 .

(III.2)
To further improve them4b mass resolution, each Higgs

boson candidate’s four-momentum is scaled by the cor-
rection factor mh/mh1(2). This improves the signal m4b

resolution from 20 to 40%, depending on the heavy Higgs
mass hypothesis, and presents sub-leading e↵ects to the
background m4b distribution [67].
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FIG. 2: Stacked m4b distribution for the signal and back-
ground events after the complete cut-flow analysis shown
in Table I. The VBF signal hypotheses are also shown in
the non-stacked format with the WBF (solid line) and GF
(dashed line) components independently displayed. We as-
sume BR(H ! hh) = 1 and sin ✓ = 0.3 with the LHC running
at

p
s = 13 TeV and integrated luminosity L = 3 ab�1.

‣ scan over singlet parameter 
space, taking into account 
constraints from electroweak 
precision data, etc.

4

Process Basic selections VBF topology
Double Higgs
reconstruction

4b 250 47 1.2
2b2j 4.9⇥ 10�1 1.0⇥ 10�1 -
tt̄bb̄ 90 3.7 3.0⇥ 10�3

WBF mH = 500 GeV 2.6⇥ 10�1 1.3⇥ 10�1 5.0⇥ 10�2

GF mH = 500 GeV 2.2⇥ 10�1 7.1⇥ 10�2 2.8⇥ 10�2

WBF mH = 1 TeV 9.4⇥ 10�2 5.4⇥ 10�2 3.2⇥ 10�2

GF mH = 1 TeV 2.2⇥ 10�2 8.3⇥ 10�3 4.7⇥ 10�3

TABLE I: Cut-flow table showing the cross-section (in fb) for the VBF signal and backgrounds. The VBF signal is decomposed
between the WBF and GF components. The background rates are normalized by the next-to-leading order (NLO) K-factors:
1.7 (4b) [53], 1.3 (2b2j) [53], and 1.8 (tt̄bb̄) [56]. The signal rate is given with BR(H ! hh) = 1 and sin ✓ = 0.3. The GF
signal rates are also normalized by the NLO K-factor: 1.65. QCD corrections for the WBF process are included through an
appropriate scale choice [57] and through MCFM for the gluon fusion contribution employing the heavy top limit [58, 59].

Since very few multi-jet background events pass the
cut-flow analysis with large m4b, we follow a similar sta-
tistical procedure performed by the ATLAS collaboration
in their pp ! H ! hh ! 4b study [68]. Namely, the sta-
tistical precision for the m4b distribution at high energies
is improved by fitting the background distribution at low
invariant masses m4b < 1 TeV with the functional form

F (m4b) = a
s

m
2
4b

✓
1�

m4b
p
s

◆b�c log
m4bp

s

, (III.3)

where a, b, and c are real free parameters and
p
s the

LHC center of mass energy. This also emulates a data-
driven approach that is typically the method of choice
when backgrounds are only poorly understood from a
systematic and theoretical perspective, see e.g. [69, 70].
As we are looking for a resonance on top of a steeply
falling background such a method provides a particularly
motivated approach to reduce uncertainties.

In Fig. 2, we illustrate the invariant mass distribu-
tion m4b for the signal and background components after
the full cut-flow analysis shown in Table I. While the
WBF signal component displays dominant contributions
to the event rate, the VBF GF signal can result into
non-negligible additions to the event count. It should be
noted that the larger the signal mass mH is, the larger
the relative WBF component becomes.

To estimate the HL-LHC sensitivity to the resonant
VBF hh signal, we calculate a binned log-likelihood
analysis based on the m4b distribution using the CLs

method [71]. We assume the integrated luminosity
L = 3 ab�1. In Fig. 3, we present the 95% CL sensitiv-
ity to the heavy Higgs-singlet mixing sin ✓ as a function
of the Heavy Higgs boson mass mH . Motivated by the
Goldstone boson equivalence theorem for mH � mW ,
we assume the heavy Higgs branching ratio to di-Higgs
BR(H ! hh) = 1/4. To illustrate the importance of the
VBF GF signal component, we separately show the signal
sensitivity accounting for the full VBF sample and only
for its WBF component. We observe that the VBF GF
results in non-negligible contributions for the low mass
regime 500 GeV < mH < 900 GeV.

To compare our new VBF di-Higgs resonance search
with the existing limits, we use the CMS pp ! H !

hh ! 4b study [67]. CMS derives the 95% CL limit
on the heavy Higgs cross section �(pp ! H ! hh !

4b) as a function of its mass mH . We translate this
bound in terms of the mixing sin ✓ in Fig. 3, using the
heavy Higgs production cross section at NNLO+NNLL
QCD, including top and bottom quark mass e↵ects up
to NLO [3, 37, 72]. The CMS limit on the heavy Higgs
cross section was scaled to the HL-LHC integrated lumi-
nosity, L = 3 ab�1. The discontinuity on the CMS limit
at mH ⇠ 580 GeV arises from the two distinct strategies
separating low and high mass resonances.
We observe that the double Higgs resonant search

600 800 1000 1200

0.2

0.3

0.4

0.5

mH[GeV]

si
nθ

95
%
C
L

��-���
��(�→��)=�/�

FIG. 3: 95% CL limit on the Higgs-singlet mixing as a func-
tion of the heavy Higgs boson mass mH . We show both the
VBF pp ! Hjj ! 4bjj (red solid) and GF pp ! H ! 4b
(black) limits. To estimate the importance of the VBF GF sig-
nal component to the VBF analysis, we also show the bound
considering only the WBF signal component (red dashed).
We assume the heavy Higgs boson branching ratio to di-Higgs
BR(H ! hh) = 1/4 and the LHC at 13 TeV with integrated
luminosity L = 3 ab�1.

WBF only
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FIG. 4: 95% confidence level constraints interpreted in the singlet scenario of Sec. II. (a) Constraints from gluon fusion in
blue dots and from hh+ 2j in orange squares as a function of mass and branching fraction of H ! hh. (b) Similar as (a), but
we show the correlation of sin2

✓ with the H ! hh branching.

in the VBF mode can significantly contribute to the
heavy Higgs resonant analyses. The increase in the ratio
�VBF/�GF for largermH leads to comparable sensitivities
between the VBF and GF channels for mH ⇠ 900 GeV.
Whereas the VBF search displays stronger limits at high
mH regime, it can also contribute to further constrain
the low mass scenarios 500 GeV < mH < 900 GeV via a
combination between the GF and VBF analyses.

In order to understand the relevance of the GF and
VBF limits on the singlet extension scenario discussed
in Sec. II, we interpret the constraints in the aforesaid
model. We scan over the singlet model parameter space
for |�i|  4⇡ and include the W mass constraint from
Ref. [49, 51] as it typically imposes the strongest con-
straint on the model’s parameter space. The results
are shown in Fig. 4. The constraints from gluon fu-
sion gg ! hh are displayed in blue points while those
of pp ! hhjj are given in orange squares. We see that
the vector boson fusion provides significant sensitivity for
higher masses where the gluon fusion projection becomes
insensitive.

While there is a region where gluon fusion and VBF
overlap and can be used to further hone the LHC sensi-
tivity to this scenario through a statistical combination,
we also see regions in branching ratio H ! hh where
VBF provides genuine, new sensitivity that cannot be
accessed with the gluon fusion analysis. This region is
characterised by 125 GeV Higgs boson signal strength
modifiers of <

⇠ 4%. Given the HL-LHC projections of
Ref. [73], this suggest that the resonance search in the
WBF channel can also explore the model’s parameter
space beyond the precision that can be obtained from
125 GeV signal studies.

QCD contributions to pp ! hhjj are not the dominant
contribution in this mass region (it is a sizable contri-
bution for the theoretical interpretation of the results of
Ref. [18]), it nonetheless is sizable and should be included

in investigations possibly as separate signal contribution
to enable a consistent theoretical interpretation.

IV. SUMMARY AND CONCLUSIONS

Weak boson fusion through its distinct phenomeno-
logical properties provides a unique opportunity for new
physics searches. In scenarios with isospin singlet mix-
ing decays of a heavy Higgs partner into 125 GeV Higgs
bosons can be preferred while more obvious decays into
top quarks su↵er from interference distortion [45], and
decays into massive weak bosons might be less dominant.
Given that the weak boson fusion production cross sec-
tion becomes comparable to gluon fusion cross section
for SM-like production at around 1 TeV, the WBF pro-
duction at small mixing angles becomes a phenomeno-
logically relevant channel. In this paper we have investi-
gated the WBF production of heavy Higgs partners with
subsequent decay H ! hh. We show that this chan-
nel, which has been somewhat overlooked in the past,
provides additional relevant new physics potential. In
parallel, we show that the gluon fusion component to the
vector boson fusion channel remains sizeable and should
be included in experimental analysis to enable a consis-
tent theoretical interpretation of reported results.
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‣ Sensitivity to 𝜅λ and 𝜅2V provide important tools to analyse the 
mechanism of electroweak symmetry breaking 

‣ Large progress in obtaining sensitivity from a range of observables 

‣ indirect searches based ad-hoc assumptions, difficult to motivate but 
good progress in EFT precision calculation to partially address these 

‣ improve direct sensitivity: more data, less background, etc.
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