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Why Higgs Physics?
Unique role in the SM
• only elementary scalar
• only field with a non-zero vev
• masses of particles via Higgs couplings

Open questions:
• the SM Higgs boson?
• responsible for masses of all particles?
• produced via top quark loops or  

BSM particles?
• and many other ???
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mH = 124.97± 0.24 GeV
<latexit sha1_base64="0goKWtZ1DCYjRUPOBF7W0sA3vAc="></latexit>



Higgs Physics
Run 1 highlights

• discovery
• observation of γγ, ZZ, WW, ττ and VBF
• couplings, spin and CP         SM-like H
• H mass
• BSM exclusions

Run 2 (and beyond) wish list

• differential and fiducial cross sections, H 
mass

• observation of VH, ttH and bb, µµ, cc, …
• HH production and Higgs self-coupling
• New Physics
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HH ! bb̄bb̄
<latexit sha1_base64="VQi4L+SHqmGndQLiQ7oF6lbM3Mo=">AAACCHicbZDNSsNAFIVv/K31L+rSzWApuCqJCOqu4KYLFxWMLTShTKaTduhkEmYmSgnduvFV3LhQcesjuPNtnLZBtPXAwMe5c7n3njDlTGnH+bKWlldW19ZLG+XNre2dXXtv/1YlmSTUIwlPZDvEinImqKeZ5rSdSorjkNNWOLyc1Ft3VCqWiBs9SmkQ475gESNYG6tro0YD+ZL1BxpLmdyj0A+xzMPxD3TtilNzpkKL4BZQgULNrv3p9xKSxVRowrFSHddJdZBjqRnhdFz2M0VTTIa4TzsGBY6pCvLpJWNUNU4PRYk0T2g0dX935DhWahSb/aox1gM1X5uY/9U6mY7Og5yJNNNUkNmgKONIJ2gSC+oxSYnmIwOYSGZ2RWSAJSbahFc2IbjzJy+Cd1K7qLnXp5X6VZFGCQ7hCI7BhTOoQwOa4AGBB3iCF3i1Hq1n6816n31dsoqeA/gj6+MbuRKZ+A==</latexit><latexit sha1_base64="VQi4L+SHqmGndQLiQ7oF6lbM3Mo=">AAACCHicbZDNSsNAFIVv/K31L+rSzWApuCqJCOqu4KYLFxWMLTShTKaTduhkEmYmSgnduvFV3LhQcesjuPNtnLZBtPXAwMe5c7n3njDlTGnH+bKWlldW19ZLG+XNre2dXXtv/1YlmSTUIwlPZDvEinImqKeZ5rSdSorjkNNWOLyc1Ft3VCqWiBs9SmkQ475gESNYG6tro0YD+ZL1BxpLmdyj0A+xzMPxD3TtilNzpkKL4BZQgULNrv3p9xKSxVRowrFSHddJdZBjqRnhdFz2M0VTTIa4TzsGBY6pCvLpJWNUNU4PRYk0T2g0dX935DhWahSb/aox1gM1X5uY/9U6mY7Og5yJNNNUkNmgKONIJ2gSC+oxSYnmIwOYSGZ2RWSAJSbahFc2IbjzJy+Cd1K7qLnXp5X6VZFGCQ7hCI7BhTOoQwOa4AGBB3iCF3i1Hq1n6816n31dsoqeA/gj6+MbuRKZ+A==</latexit><latexit sha1_base64="VQi4L+SHqmGndQLiQ7oF6lbM3Mo=">AAACCHicbZDNSsNAFIVv/K31L+rSzWApuCqJCOqu4KYLFxWMLTShTKaTduhkEmYmSgnduvFV3LhQcesjuPNtnLZBtPXAwMe5c7n3njDlTGnH+bKWlldW19ZLG+XNre2dXXtv/1YlmSTUIwlPZDvEinImqKeZ5rSdSorjkNNWOLyc1Ft3VCqWiBs9SmkQ475gESNYG6tro0YD+ZL1BxpLmdyj0A+xzMPxD3TtilNzpkKL4BZQgULNrv3p9xKSxVRowrFSHddJdZBjqRnhdFz2M0VTTIa4TzsGBY6pCvLpJWNUNU4PRYk0T2g0dX935DhWahSb/aox1gM1X5uY/9U6mY7Og5yJNNNUkNmgKONIJ2gSC+oxSYnmIwOYSGZ2RWSAJSbahFc2IbjzJy+Cd1K7qLnXp5X6VZFGCQ7hCI7BhTOoQwOa4AGBB3iCF3i1Hq1n6816n31dsoqeA/gj6+MbuRKZ+A==</latexit><latexit sha1_base64="VQi4L+SHqmGndQLiQ7oF6lbM3Mo=">AAACCHicbZDNSsNAFIVv/K31L+rSzWApuCqJCOqu4KYLFxWMLTShTKaTduhkEmYmSgnduvFV3LhQcesjuPNtnLZBtPXAwMe5c7n3njDlTGnH+bKWlldW19ZLG+XNre2dXXtv/1YlmSTUIwlPZDvEinImqKeZ5rSdSorjkNNWOLyc1Ft3VCqWiBs9SmkQ475gESNYG6tro0YD+ZL1BxpLmdyj0A+xzMPxD3TtilNzpkKL4BZQgULNrv3p9xKSxVRowrFSHddJdZBjqRnhdFz2M0VTTIa4TzsGBY6pCvLpJWNUNU4PRYk0T2g0dX935DhWahSb/aox1gM1X5uY/9U6mY7Og5yJNNNUkNmgKONIJ2gSC+oxSYnmIwOYSGZ2RWSAJSbahFc2IbjzJy+Cd1K7qLnXp5X6VZFGCQ7hCI7BhTOoQwOa4AGBB3iCF3i1Hq1n6816n31dsoqeA/gj6+MbuRKZ+A==</latexit>

HL-LHC expectation
Run 1 Spin/CP
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Tatjana Lenz Higgs Boson Portrait
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Production Decay H ! XX
<latexit sha1_base64="RQjPzJNHHYIITzUplFl9pPk5v9g=">AAAB+XicdVBNS8NAEN34WetXqkcvi0XwFJJitb0VvfRYwdhAG8pmu2mXbrJhd2MpsT/FiwcVr/4Tb/4bN20EFX0w8Hhvhpl5QcKoVLb9Yaysrq1vbJa2yts7u3v7ZuXgVvJUYOJizrjwAiQJozFxFVWMeIkgKAoY6QaTq9zv3hEhKY9v1CwhfoRGMQ0pRkpLA7PShn1BR2OFhOBT6EFvYFZty14A2latbjcbOanbTvPcgU5hVUGBzsB87w85TiMSK8yQlD3HTpSfIaEoZmRe7qeSJAhP0Ij0NI1RRKSfLU6fwxOtDGHIha5YwYX6fSJDkZSzKNCdEVJj+dvLxb+8XqrChp/ROEkVifFyUZgyqDjMc4BDKghWbKYJwoLqWyEeI4Gw0mmVdQhfn8L/iVuzmpZzfVZtXRZplMAROAanwAEXoAXaoANcgMEUPIAn8GzcG4/Gi/G6bF0xiplD8APG2yfml5NU</latexit><latexit sha1_base64="RQjPzJNHHYIITzUplFl9pPk5v9g=">AAAB+XicdVBNS8NAEN34WetXqkcvi0XwFJJitb0VvfRYwdhAG8pmu2mXbrJhd2MpsT/FiwcVr/4Tb/4bN20EFX0w8Hhvhpl5QcKoVLb9Yaysrq1vbJa2yts7u3v7ZuXgVvJUYOJizrjwAiQJozFxFVWMeIkgKAoY6QaTq9zv3hEhKY9v1CwhfoRGMQ0pRkpLA7PShn1BR2OFhOBT6EFvYFZty14A2latbjcbOanbTvPcgU5hVUGBzsB87w85TiMSK8yQlD3HTpSfIaEoZmRe7qeSJAhP0Ij0NI1RRKSfLU6fwxOtDGHIha5YwYX6fSJDkZSzKNCdEVJj+dvLxb+8XqrChp/ROEkVifFyUZgyqDjMc4BDKghWbKYJwoLqWyEeI4Gw0mmVdQhfn8L/iVuzmpZzfVZtXRZplMAROAanwAEXoAXaoANcgMEUPIAn8GzcG4/Gi/G6bF0xiplD8APG2yfml5NU</latexit><latexit sha1_base64="RQjPzJNHHYIITzUplFl9pPk5v9g=">AAAB+XicdVBNS8NAEN34WetXqkcvi0XwFJJitb0VvfRYwdhAG8pmu2mXbrJhd2MpsT/FiwcVr/4Tb/4bN20EFX0w8Hhvhpl5QcKoVLb9Yaysrq1vbJa2yts7u3v7ZuXgVvJUYOJizrjwAiQJozFxFVWMeIkgKAoY6QaTq9zv3hEhKY9v1CwhfoRGMQ0pRkpLA7PShn1BR2OFhOBT6EFvYFZty14A2latbjcbOanbTvPcgU5hVUGBzsB87w85TiMSK8yQlD3HTpSfIaEoZmRe7qeSJAhP0Ij0NI1RRKSfLU6fwxOtDGHIha5YwYX6fSJDkZSzKNCdEVJj+dvLxb+8XqrChp/ROEkVifFyUZgyqDjMc4BDKghWbKYJwoLqWyEeI4Gw0mmVdQhfn8L/iVuzmpZzfVZtXRZplMAROAanwAEXoAXaoANcgMEUPIAn8GzcG4/Gi/G6bF0xiplD8APG2yfml5NU</latexit><latexit sha1_base64="RQjPzJNHHYIITzUplFl9pPk5v9g=">AAAB+XicdVBNS8NAEN34WetXqkcvi0XwFJJitb0VvfRYwdhAG8pmu2mXbrJhd2MpsT/FiwcVr/4Tb/4bN20EFX0w8Hhvhpl5QcKoVLb9Yaysrq1vbJa2yts7u3v7ZuXgVvJUYOJizrjwAiQJozFxFVWMeIkgKAoY6QaTq9zv3hEhKY9v1CwhfoRGMQ0pRkpLA7PShn1BR2OFhOBT6EFvYFZty14A2latbjcbOanbTvPcgU5hVUGBzsB87w85TiMSK8yQlD3HTpSfIaEoZmRe7qeSJAhP0Ij0NI1RRKSfLU6fwxOtDGHIha5YwYX6fSJDkZSzKNCdEVJj+dvLxb+8XqrChp/ROEkVifFyUZgyqDjMc4BDKghWbKYJwoLqWyEeI4Gw0mmVdQhfn8L/iVuzmpZzfVZtXRZplMAROAanwAEXoAXaoANcgMEUPIAn8GzcG4/Gi/G6bF0xiplD8APG2yfml5NU</latexit>

gg ! H @ 86%
<latexit sha1_base64="8TS6T8EsWJoqNlXxqAPJ7ihtnVg=">AAACAXicdVDLSsNAFJ3UV62vqCtxM9gWXJWk0Nruim66rGBsoQllMp2kQycPZiZKCcWNv+LGhYpb/8Kdf+OkjaCiBy4czrmXe+9xY0aFNIwPrbCyura+UdwsbW3v7O7p+wfXIko4JhaOWMQHLhKE0ZBYkkpGBjEnKHAZ6bvTi8zv3xAuaBReyVlMnAD5IfUoRlJJI/2o4vvQ5tSfSMR5dAu7FdiBraZdHello2YsAI1avWG0WxlpGGa7aUIzt8ogR2+kv9vjCCcBCSVmSIihacTSSRGXFDMyL9mJIDHCU+SToaIhCohw0sULc1hVyhh6EVcVSrhQv0+kKBBiFriqM0ByIn57mfiXN0yk13JSGsaJJCFeLvISBmUEszzgmHKCJZspgjCn6laIJ4gjLFVqJRXC16fwf2LVa+2aeVkvd87zNIrgGJyAU2CCM9ABXdADFsDgDjyAJ/Cs3WuP2ov2umwtaPnMIfgB7e0T2M+VVw==</latexit><latexit sha1_base64="8TS6T8EsWJoqNlXxqAPJ7ihtnVg=">AAACAXicdVDLSsNAFJ3UV62vqCtxM9gWXJWk0Nruim66rGBsoQllMp2kQycPZiZKCcWNv+LGhYpb/8Kdf+OkjaCiBy4czrmXe+9xY0aFNIwPrbCyura+UdwsbW3v7O7p+wfXIko4JhaOWMQHLhKE0ZBYkkpGBjEnKHAZ6bvTi8zv3xAuaBReyVlMnAD5IfUoRlJJI/2o4vvQ5tSfSMR5dAu7FdiBraZdHello2YsAI1avWG0WxlpGGa7aUIzt8ogR2+kv9vjCCcBCSVmSIihacTSSRGXFDMyL9mJIDHCU+SToaIhCohw0sULc1hVyhh6EVcVSrhQv0+kKBBiFriqM0ByIn57mfiXN0yk13JSGsaJJCFeLvISBmUEszzgmHKCJZspgjCn6laIJ4gjLFVqJRXC16fwf2LVa+2aeVkvd87zNIrgGJyAU2CCM9ABXdADFsDgDjyAJ/Cs3WuP2ov2umwtaPnMIfgB7e0T2M+VVw==</latexit><latexit sha1_base64="8TS6T8EsWJoqNlXxqAPJ7ihtnVg=">AAACAXicdVDLSsNAFJ3UV62vqCtxM9gWXJWk0Nruim66rGBsoQllMp2kQycPZiZKCcWNv+LGhYpb/8Kdf+OkjaCiBy4czrmXe+9xY0aFNIwPrbCyura+UdwsbW3v7O7p+wfXIko4JhaOWMQHLhKE0ZBYkkpGBjEnKHAZ6bvTi8zv3xAuaBReyVlMnAD5IfUoRlJJI/2o4vvQ5tSfSMR5dAu7FdiBraZdHello2YsAI1avWG0WxlpGGa7aUIzt8ogR2+kv9vjCCcBCSVmSIihacTSSRGXFDMyL9mJIDHCU+SToaIhCohw0sULc1hVyhh6EVcVSrhQv0+kKBBiFriqM0ByIn57mfiXN0yk13JSGsaJJCFeLvISBmUEszzgmHKCJZspgjCn6laIJ4gjLFVqJRXC16fwf2LVa+2aeVkvd87zNIrgGJyAU2CCM9ABXdADFsDgDjyAJ/Cs3WuP2ov2umwtaPnMIfgB7e0T2M+VVw==</latexit><latexit sha1_base64="8TS6T8EsWJoqNlXxqAPJ7ihtnVg=">AAACAXicdVDLSsNAFJ3UV62vqCtxM9gWXJWk0Nruim66rGBsoQllMp2kQycPZiZKCcWNv+LGhYpb/8Kdf+OkjaCiBy4czrmXe+9xY0aFNIwPrbCyura+UdwsbW3v7O7p+wfXIko4JhaOWMQHLhKE0ZBYkkpGBjEnKHAZ6bvTi8zv3xAuaBReyVlMnAD5IfUoRlJJI/2o4vvQ5tSfSMR5dAu7FdiBraZdHello2YsAI1avWG0WxlpGGa7aUIzt8ogR2+kv9vjCCcBCSVmSIihacTSSRGXFDMyL9mJIDHCU+SToaIhCohw0sULc1hVyhh6EVcVSrhQv0+kKBBiFriqM0ByIn57mfiXN0yk13JSGsaJJCFeLvISBmUEszzgmHKCJZspgjCn6laIJ4gjLFVqJRXC16fwf2LVa+2aeVkvd87zNIrgGJyAU2CCM9ABXdADFsDgDjyAJ/Cs3WuP2ov2umwtaPnMIfgB7e0T2M+VVw==</latexit>

qqH @ 7%
<latexit sha1_base64="D/vBaBTZJwSg+GBueaKcAo4k6jg=">AAAB8XicdVDLTgJBEOz1ifhCPXqZCCSeyMIFvRG9cMTEFZJlQ2aHWZgwO7PMzJqQDZ/hxYMar/6NN//G4WGCr0o6qVR1p7srTDjTxnU/nLX1jc2t7dxOfndv/+CwcHR8p2WqCPWI5FJ1QqwpZ4J6hhlOO4miOA45bYej65nfvqdKMyluzSShQYwHgkWMYGMlvzQeN0uogerdcq9QrFbcOZD7i3xZRVii1Su8d/uSpDEVhnCstV91ExNkWBlGOJ3mu6mmCSYjPKC+pQLHVAfZ/OQpKluljyKpbAmD5urqRIZjrSdxaDtjbIb6pzcT//L81EQXQcZEkhoqyGJRlHJkJJr9j/pMUWL4xBJMFLO3IjLEChNjU8qvhvA/8WqVy0r1plZsXC3TyMEpnME5VKEODWhCCzwgIOEBnuDZMc6j8+K8LlrXnOXMCXyD8/YJJxqPZQ==</latexit><latexit sha1_base64="D/vBaBTZJwSg+GBueaKcAo4k6jg=">AAAB8XicdVDLTgJBEOz1ifhCPXqZCCSeyMIFvRG9cMTEFZJlQ2aHWZgwO7PMzJqQDZ/hxYMar/6NN//G4WGCr0o6qVR1p7srTDjTxnU/nLX1jc2t7dxOfndv/+CwcHR8p2WqCPWI5FJ1QqwpZ4J6hhlOO4miOA45bYej65nfvqdKMyluzSShQYwHgkWMYGMlvzQeN0uogerdcq9QrFbcOZD7i3xZRVii1Su8d/uSpDEVhnCstV91ExNkWBlGOJ3mu6mmCSYjPKC+pQLHVAfZ/OQpKluljyKpbAmD5urqRIZjrSdxaDtjbIb6pzcT//L81EQXQcZEkhoqyGJRlHJkJJr9j/pMUWL4xBJMFLO3IjLEChNjU8qvhvA/8WqVy0r1plZsXC3TyMEpnME5VKEODWhCCzwgIOEBnuDZMc6j8+K8LlrXnOXMCXyD8/YJJxqPZQ==</latexit><latexit sha1_base64="D/vBaBTZJwSg+GBueaKcAo4k6jg=">AAAB8XicdVDLTgJBEOz1ifhCPXqZCCSeyMIFvRG9cMTEFZJlQ2aHWZgwO7PMzJqQDZ/hxYMar/6NN//G4WGCr0o6qVR1p7srTDjTxnU/nLX1jc2t7dxOfndv/+CwcHR8p2WqCPWI5FJ1QqwpZ4J6hhlOO4miOA45bYej65nfvqdKMyluzSShQYwHgkWMYGMlvzQeN0uogerdcq9QrFbcOZD7i3xZRVii1Su8d/uSpDEVhnCstV91ExNkWBlGOJ3mu6mmCSYjPKC+pQLHVAfZ/OQpKluljyKpbAmD5urqRIZjrSdxaDtjbIb6pzcT//L81EQXQcZEkhoqyGJRlHJkJJr9j/pMUWL4xBJMFLO3IjLEChNjU8qvhvA/8WqVy0r1plZsXC3TyMEpnME5VKEODWhCCzwgIOEBnuDZMc6j8+K8LlrXnOXMCXyD8/YJJxqPZQ==</latexit><latexit sha1_base64="D/vBaBTZJwSg+GBueaKcAo4k6jg=">AAAB8XicdVDLTgJBEOz1ifhCPXqZCCSeyMIFvRG9cMTEFZJlQ2aHWZgwO7PMzJqQDZ/hxYMar/6NN//G4WGCr0o6qVR1p7srTDjTxnU/nLX1jc2t7dxOfndv/+CwcHR8p2WqCPWI5FJ1QqwpZ4J6hhlOO4miOA45bYej65nfvqdKMyluzSShQYwHgkWMYGMlvzQeN0uogerdcq9QrFbcOZD7i3xZRVii1Su8d/uSpDEVhnCstV91ExNkWBlGOJ3mu6mmCSYjPKC+pQLHVAfZ/OQpKluljyKpbAmD5urqRIZjrSdxaDtjbIb6pzcT//L81EQXQcZEkhoqyGJRlHJkJJr9j/pMUWL4xBJMFLO3IjLEChNjU8qvhvA/8WqVy0r1plZsXC3TyMEpnME5VKEODWhCCzwgIOEBnuDZMc6j8+K8LlrXnOXMCXyD8/YJJxqPZQ==</latexit>

ttH @ 0.6%
<latexit sha1_base64="PQ9yffVk5gSQI0+Jux/SNQUEL8g=">AAAB83icdZDLSsNAFIYnXmu9VV26GWwLrkJSsFpXBTddVjC20IYymU7aoZNJnDkplNDncONCxa0v4863cXpRVPSHgcP3n8M58weJ4Boc591aWV1b39jMbeW3d3b39gsHh7c6ThVlHo1FrNoB0UxwyTzgIFg7UYxEgWCtYHQ181tjpjSP5Q1MEuZHZCB5yCkBg/wSQKOE69ixq91yr1B07DPHrVVdA5y58Bdxl6SIlmr2Cm/dfkzTiEmggmjdcZ0E/Iwo4FSwab6bapYQOiID1jGlJBHTfjY/eorLhvRxGCvzJOA5/T6RkUjrSRSYzojAUP/2ZvAvr5NCeOFnXCYpMEkXi8JUYIjxLAHc54pREBNTEKq4uRXTIVGEgskpb0L4/Cn+v/Aqds12ryvF+uUyjRw6RifoFLnoHNVRAzWRhyi6Q/foET1ZY+vBerZeFq0r1nLmCP2Q9foBR8KP/w==</latexit><latexit sha1_base64="PQ9yffVk5gSQI0+Jux/SNQUEL8g=">AAAB83icdZDLSsNAFIYnXmu9VV26GWwLrkJSsFpXBTddVjC20IYymU7aoZNJnDkplNDncONCxa0v4863cXpRVPSHgcP3n8M58weJ4Boc591aWV1b39jMbeW3d3b39gsHh7c6ThVlHo1FrNoB0UxwyTzgIFg7UYxEgWCtYHQ181tjpjSP5Q1MEuZHZCB5yCkBg/wSQKOE69ixq91yr1B07DPHrVVdA5y58Bdxl6SIlmr2Cm/dfkzTiEmggmjdcZ0E/Iwo4FSwab6bapYQOiID1jGlJBHTfjY/eorLhvRxGCvzJOA5/T6RkUjrSRSYzojAUP/2ZvAvr5NCeOFnXCYpMEkXi8JUYIjxLAHc54pREBNTEKq4uRXTIVGEgskpb0L4/Cn+v/Aqds12ryvF+uUyjRw6RifoFLnoHNVRAzWRhyi6Q/foET1ZY+vBerZeFq0r1nLmCP2Q9foBR8KP/w==</latexit><latexit sha1_base64="PQ9yffVk5gSQI0+Jux/SNQUEL8g=">AAAB83icdZDLSsNAFIYnXmu9VV26GWwLrkJSsFpXBTddVjC20IYymU7aoZNJnDkplNDncONCxa0v4863cXpRVPSHgcP3n8M58weJ4Boc591aWV1b39jMbeW3d3b39gsHh7c6ThVlHo1FrNoB0UxwyTzgIFg7UYxEgWCtYHQ181tjpjSP5Q1MEuZHZCB5yCkBg/wSQKOE69ixq91yr1B07DPHrVVdA5y58Bdxl6SIlmr2Cm/dfkzTiEmggmjdcZ0E/Iwo4FSwab6bapYQOiID1jGlJBHTfjY/eorLhvRxGCvzJOA5/T6RkUjrSRSYzojAUP/2ZvAvr5NCeOFnXCYpMEkXi8JUYIjxLAHc54pREBNTEKq4uRXTIVGEgskpb0L4/Cn+v/Aqds12ryvF+uUyjRw6RifoFLnoHNVRAzWRhyi6Q/foET1ZY+vBerZeFq0r1nLmCP2Q9foBR8KP/w==</latexit><latexit sha1_base64="PQ9yffVk5gSQI0+Jux/SNQUEL8g=">AAAB83icdZDLSsNAFIYnXmu9VV26GWwLrkJSsFpXBTddVjC20IYymU7aoZNJnDkplNDncONCxa0v4863cXpRVPSHgcP3n8M58weJ4Boc591aWV1b39jMbeW3d3b39gsHh7c6ThVlHo1FrNoB0UxwyTzgIFg7UYxEgWCtYHQ181tjpjSP5Q1MEuZHZCB5yCkBg/wSQKOE69ixq91yr1B07DPHrVVdA5y58Bdxl6SIlmr2Cm/dfkzTiEmggmjdcZ0E/Iwo4FSwab6bapYQOiID1jGlJBHTfjY/eorLhvRxGCvzJOA5/T6RkUjrSRSYzojAUP/2ZvAvr5NCeOFnXCYpMEkXi8JUYIjxLAHc54pREBNTEKq4uRXTIVGEgskpb0L4/Cn+v/Aqds12ryvF+uUyjRw6RifoFLnoHNVRAzWRhyi6Q/foET1ZY+vBerZeFq0r1nLmCP2Q9foBR8KP/w==</latexit>

V H @ 5%
<latexit sha1_base64="9yVykwvzDC6F49mPFOOONMVI7ps=">AAAB8HicbVBNT8JAEJ3iF+IX6tHLRiDxRFoSVDyReOGIiUUiNGS7bGHDdtvsbk1Iw7/w4kGNV3+ON/+NC/SA6EsmeXlvJjPz/JgzpW3728ptbG5t7+R3C3v7B4dHxeOTjooSSahLIh7Jro8V5UxQVzPNaTeWFIc+pw/+5HbuPzxRqVgk7vU0pl6IR4IFjGBtpMdyp1VGTVTvVwbFkl2t207j0kErxF4AORkpQYb2oPjVH0YkCanQhGOleo4day/FUjPC6azQTxSNMZngEe0ZKnBIlZcuLp6hilGGKIikKaHRQl2dSHGo1DT0TWeI9Vite3PxP6+X6ODaS5mIE00FWS4KEo50hObvoyGTlGg+NQQTycytiIyxxESbkAomBGf95b/ErVUbVeeuVmreZGnk4QzO4QIcuIImtKANLhAQ8Ayv8GYp68V6tz6WrTkrmzmFX7A+fwBizo7w</latexit><latexit sha1_base64="9yVykwvzDC6F49mPFOOONMVI7ps=">AAAB8HicbVBNT8JAEJ3iF+IX6tHLRiDxRFoSVDyReOGIiUUiNGS7bGHDdtvsbk1Iw7/w4kGNV3+ON/+NC/SA6EsmeXlvJjPz/JgzpW3728ptbG5t7+R3C3v7B4dHxeOTjooSSahLIh7Jro8V5UxQVzPNaTeWFIc+pw/+5HbuPzxRqVgk7vU0pl6IR4IFjGBtpMdyp1VGTVTvVwbFkl2t207j0kErxF4AORkpQYb2oPjVH0YkCanQhGOleo4day/FUjPC6azQTxSNMZngEe0ZKnBIlZcuLp6hilGGKIikKaHRQl2dSHGo1DT0TWeI9Vite3PxP6+X6ODaS5mIE00FWS4KEo50hObvoyGTlGg+NQQTycytiIyxxESbkAomBGf95b/ErVUbVeeuVmreZGnk4QzO4QIcuIImtKANLhAQ8Ayv8GYp68V6tz6WrTkrmzmFX7A+fwBizo7w</latexit><latexit sha1_base64="9yVykwvzDC6F49mPFOOONMVI7ps=">AAAB8HicbVBNT8JAEJ3iF+IX6tHLRiDxRFoSVDyReOGIiUUiNGS7bGHDdtvsbk1Iw7/w4kGNV3+ON/+NC/SA6EsmeXlvJjPz/JgzpW3728ptbG5t7+R3C3v7B4dHxeOTjooSSahLIh7Jro8V5UxQVzPNaTeWFIc+pw/+5HbuPzxRqVgk7vU0pl6IR4IFjGBtpMdyp1VGTVTvVwbFkl2t207j0kErxF4AORkpQYb2oPjVH0YkCanQhGOleo4day/FUjPC6azQTxSNMZngEe0ZKnBIlZcuLp6hilGGKIikKaHRQl2dSHGo1DT0TWeI9Vite3PxP6+X6ODaS5mIE00FWS4KEo50hObvoyGTlGg+NQQTycytiIyxxESbkAomBGf95b/ErVUbVeeuVmreZGnk4QzO4QIcuIImtKANLhAQ8Ayv8GYp68V6tz6WrTkrmzmFX7A+fwBizo7w</latexit><latexit sha1_base64="9yVykwvzDC6F49mPFOOONMVI7ps=">AAAB8HicbVBNT8JAEJ3iF+IX6tHLRiDxRFoSVDyReOGIiUUiNGS7bGHDdtvsbk1Iw7/w4kGNV3+ON/+NC/SA6EsmeXlvJjPz/JgzpW3728ptbG5t7+R3C3v7B4dHxeOTjooSSahLIh7Jro8V5UxQVzPNaTeWFIc+pw/+5HbuPzxRqVgk7vU0pl6IR4IFjGBtpMdyp1VGTVTvVwbFkl2t207j0kErxF4AORkpQYb2oPjVH0YkCanQhGOleo4day/FUjPC6azQTxSNMZngEe0ZKnBIlZcuLp6hilGGKIikKaHRQl2dSHGo1DT0TWeI9Vite3PxP6+X6ODaS5mIE00FWS4KEo50hObvoyGTlGg+NQQTycytiIyxxESbkAomBGf95b/ErVUbVeeuVmreZGnk4QzO4QIcuIImtKANLhAQ8Ayv8GYp68V6tz6WrTkrmzmFX7A+fwBizo7w</latexit>
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Production Decay H ! XX
<latexit sha1_base64="RQjPzJNHHYIITzUplFl9pPk5v9g=">AAAB+XicdVBNS8NAEN34WetXqkcvi0XwFJJitb0VvfRYwdhAG8pmu2mXbrJhd2MpsT/FiwcVr/4Tb/4bN20EFX0w8Hhvhpl5QcKoVLb9Yaysrq1vbJa2yts7u3v7ZuXgVvJUYOJizrjwAiQJozFxFVWMeIkgKAoY6QaTq9zv3hEhKY9v1CwhfoRGMQ0pRkpLA7PShn1BR2OFhOBT6EFvYFZty14A2latbjcbOanbTvPcgU5hVUGBzsB87w85TiMSK8yQlD3HTpSfIaEoZmRe7qeSJAhP0Ij0NI1RRKSfLU6fwxOtDGHIha5YwYX6fSJDkZSzKNCdEVJj+dvLxb+8XqrChp/ROEkVifFyUZgyqDjMc4BDKghWbKYJwoLqWyEeI4Gw0mmVdQhfn8L/iVuzmpZzfVZtXRZplMAROAanwAEXoAXaoANcgMEUPIAn8GzcG4/Gi/G6bF0xiplD8APG2yfml5NU</latexit><latexit sha1_base64="RQjPzJNHHYIITzUplFl9pPk5v9g=">AAAB+XicdVBNS8NAEN34WetXqkcvi0XwFJJitb0VvfRYwdhAG8pmu2mXbrJhd2MpsT/FiwcVr/4Tb/4bN20EFX0w8Hhvhpl5QcKoVLb9Yaysrq1vbJa2yts7u3v7ZuXgVvJUYOJizrjwAiQJozFxFVWMeIkgKAoY6QaTq9zv3hEhKY9v1CwhfoRGMQ0pRkpLA7PShn1BR2OFhOBT6EFvYFZty14A2latbjcbOanbTvPcgU5hVUGBzsB87w85TiMSK8yQlD3HTpSfIaEoZmRe7qeSJAhP0Ij0NI1RRKSfLU6fwxOtDGHIha5YwYX6fSJDkZSzKNCdEVJj+dvLxb+8XqrChp/ROEkVifFyUZgyqDjMc4BDKghWbKYJwoLqWyEeI4Gw0mmVdQhfn8L/iVuzmpZzfVZtXRZplMAROAanwAEXoAXaoANcgMEUPIAn8GzcG4/Gi/G6bF0xiplD8APG2yfml5NU</latexit><latexit sha1_base64="RQjPzJNHHYIITzUplFl9pPk5v9g=">AAAB+XicdVBNS8NAEN34WetXqkcvi0XwFJJitb0VvfRYwdhAG8pmu2mXbrJhd2MpsT/FiwcVr/4Tb/4bN20EFX0w8Hhvhpl5QcKoVLb9Yaysrq1vbJa2yts7u3v7ZuXgVvJUYOJizrjwAiQJozFxFVWMeIkgKAoY6QaTq9zv3hEhKY9v1CwhfoRGMQ0pRkpLA7PShn1BR2OFhOBT6EFvYFZty14A2latbjcbOanbTvPcgU5hVUGBzsB87w85TiMSK8yQlD3HTpSfIaEoZmRe7qeSJAhP0Ij0NI1RRKSfLU6fwxOtDGHIha5YwYX6fSJDkZSzKNCdEVJj+dvLxb+8XqrChp/ROEkVifFyUZgyqDjMc4BDKghWbKYJwoLqWyEeI4Gw0mmVdQhfn8L/iVuzmpZzfVZtXRZplMAROAanwAEXoAXaoANcgMEUPIAn8GzcG4/Gi/G6bF0xiplD8APG2yfml5NU</latexit><latexit sha1_base64="RQjPzJNHHYIITzUplFl9pPk5v9g=">AAAB+XicdVBNS8NAEN34WetXqkcvi0XwFJJitb0VvfRYwdhAG8pmu2mXbrJhd2MpsT/FiwcVr/4Tb/4bN20EFX0w8Hhvhpl5QcKoVLb9Yaysrq1vbJa2yts7u3v7ZuXgVvJUYOJizrjwAiQJozFxFVWMeIkgKAoY6QaTq9zv3hEhKY9v1CwhfoRGMQ0pRkpLA7PShn1BR2OFhOBT6EFvYFZty14A2latbjcbOanbTvPcgU5hVUGBzsB87w85TiMSK8yQlD3HTpSfIaEoZmRe7qeSJAhP0Ij0NI1RRKSfLU6fwxOtDGHIha5YwYX6fSJDkZSzKNCdEVJj+dvLxb+8XqrChp/ROEkVifFyUZgyqDjMc4BDKghWbKYJwoLqWyEeI4Gw0mmVdQhfn8L/iVuzmpZzfVZtXRZplMAROAanwAEXoAXaoANcgMEUPIAn8GzcG4/Gi/G6bF0xiplD8APG2yfml5NU</latexit>

7 TeV

8 TeV

13 TeV

PLB 784 (2018) 345

ATLAS-CONF-2017-047



Tatjana Lenz

5

• HH production allows a direct 
test of Higgs potential and 
Higgs self-coupling

SM:

V (h) =
m2

h

2
h2 + �3vh

3 +
�4

4
h4

<latexit sha1_base64="MFry4gwhQCf/1xum0uQWceZVZFI="></latexit><latexit sha1_base64="MFry4gwhQCf/1xum0uQWceZVZFI="></latexit><latexit sha1_base64="MFry4gwhQCf/1xum0uQWceZVZFI="></latexit><latexit sha1_base64="MFry4gwhQCf/1xum0uQWceZVZFI="></latexit>

�3vh
3

<latexit sha1_base64="f/FFzB+/2CnkGt4mNhYdbhJtMII=">AAAB9HicbVBNT8JAFHzFL8Qv1KOXjcTEE2mFRL0RvXjExAoJFLLdbmHDdtvsbjGk4X948aDGqz/Gm//GBXpQcJJNJjPz8t6On3CmtG1/W4W19Y3NreJ2aWd3b/+gfHj0qOJUEuqSmMey7WNFORPU1Uxz2k4kxZHPacsf3c781phKxWLxoCcJ9SI8ECxkBGsj9brcRAPcr6HxsFfrlyt21Z4DrRInJxXI0eyXv7pBTNKICk04Vqrj2In2Miw1I5xOS91U0QSTER7QjqECR1R52fzqKTozSoDCWJonNJqrvycyHCk1iXyTjLAeqmVvJv7ndVIdXnkZE0mqqSCLRWHKkY7RrAIUMEmJ5hNDMJHM3IrIEEtMtCmqZEpwlr+8StyL6nXVua9XGjd5G0U4gVM4BwcuoQF30AQXCEh4hld4s56sF+vd+lhEC1Y+cwx/YH3+AP0Xkbg=</latexit><latexit sha1_base64="f/FFzB+/2CnkGt4mNhYdbhJtMII=">AAAB9HicbVBNT8JAFHzFL8Qv1KOXjcTEE2mFRL0RvXjExAoJFLLdbmHDdtvsbjGk4X948aDGqz/Gm//GBXpQcJJNJjPz8t6On3CmtG1/W4W19Y3NreJ2aWd3b/+gfHj0qOJUEuqSmMey7WNFORPU1Uxz2k4kxZHPacsf3c781phKxWLxoCcJ9SI8ECxkBGsj9brcRAPcr6HxsFfrlyt21Z4DrRInJxXI0eyXv7pBTNKICk04Vqrj2In2Miw1I5xOS91U0QSTER7QjqECR1R52fzqKTozSoDCWJonNJqrvycyHCk1iXyTjLAeqmVvJv7ndVIdXnkZE0mqqSCLRWHKkY7RrAIUMEmJ5hNDMJHM3IrIEEtMtCmqZEpwlr+8StyL6nXVua9XGjd5G0U4gVM4BwcuoQF30AQXCEh4hld4s56sF+vd+lhEC1Y+cwx/YH3+AP0Xkbg=</latexit><latexit sha1_base64="f/FFzB+/2CnkGt4mNhYdbhJtMII=">AAAB9HicbVBNT8JAFHzFL8Qv1KOXjcTEE2mFRL0RvXjExAoJFLLdbmHDdtvsbjGk4X948aDGqz/Gm//GBXpQcJJNJjPz8t6On3CmtG1/W4W19Y3NreJ2aWd3b/+gfHj0qOJUEuqSmMey7WNFORPU1Uxz2k4kxZHPacsf3c781phKxWLxoCcJ9SI8ECxkBGsj9brcRAPcr6HxsFfrlyt21Z4DrRInJxXI0eyXv7pBTNKICk04Vqrj2In2Miw1I5xOS91U0QSTER7QjqECR1R52fzqKTozSoDCWJonNJqrvycyHCk1iXyTjLAeqmVvJv7ndVIdXnkZE0mqqSCLRWHKkY7RrAIUMEmJ5hNDMJHM3IrIEEtMtCmqZEpwlr+8StyL6nXVua9XGjd5G0U4gVM4BwcuoQF30AQXCEh4hld4s56sF+vd+lhEC1Y+cwx/YH3+AP0Xkbg=</latexit><latexit sha1_base64="f/FFzB+/2CnkGt4mNhYdbhJtMII=">AAAB9HicbVBNT8JAFHzFL8Qv1KOXjcTEE2mFRL0RvXjExAoJFLLdbmHDdtvsbjGk4X948aDGqz/Gm//GBXpQcJJNJjPz8t6On3CmtG1/W4W19Y3NreJ2aWd3b/+gfHj0qOJUEuqSmMey7WNFORPU1Uxz2k4kxZHPacsf3c781phKxWLxoCcJ9SI8ECxkBGsj9brcRAPcr6HxsFfrlyt21Z4DrRInJxXI0eyXv7pBTNKICk04Vqrj2In2Miw1I5xOS91U0QSTER7QjqECR1R52fzqKTozSoDCWJonNJqrvycyHCk1iXyTjLAeqmVvJv7ndVIdXnkZE0mqqSCLRWHKkY7RrAIUMEmJ5hNDMJHM3IrIEEtMtCmqZEpwlr+8StyL6nXVua9XGjd5G0U4gVM4BwcuoQF30AQXCEh4hld4s56sF+vd+lhEC1Y+cwx/YH3+AP0Xkbg=</latexit>

H

H

H

H

H
H

H

Higgs Self-Coupling

�3 = �4 = � =
m2

h

2v2
= 0.13

<latexit sha1_base64="AlMgU+a8z7Rl3hxNOgejipWvtno=">AAACJHicbZBNS8MwGMdTX+d8q3r0EhyCp9F2AwURhl48TnAvsNWSpukWlqYlSQej7MN48at48eALHrz4WUy3ibr5QMKP//95SJ6/nzAqlWV9GEvLK6tr64WN4ubW9s6uubfflHEqMGngmMWi7SNJGOWkoahipJ0IgiKfkZY/uMr91pAISWN+q0YJcSPU4zSkGCkteeZ5l+nmAHkVeAG/ufrDOYUC4Szy+nfOOHOG+taiVbYrnlmyytak4CLYMyiBWdU987UbxDiNCFeYISk7tpUoN0NCUczIuNhNJUkQHqAe6WjkKCLSzSZLjuGxVgIYxkIfruBE/T2RoUjKUeTrzgipvpz3cvE/r5Oq8MzNKE9SRTiePhSmDKoY5onBgAqCFRtpQFhQ/VeI+0hnonSuRR2CPb/yIjQdnVfZuamWapezOArgEByBE2CDU1AD16AOGgCDe/AInsGL8WA8GW/G+7R1yZjNHIA/ZXx+ARBOofM=</latexit>
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• HH production allows a direct test of Higgs potential and Higgs self-
coupling

• SM HH production cross section 1000 times smaller than pp    H

• two diagrams with destructive interference = 33 fb @ 13 TeV

• BSM can lead to enhancement in the HH production

• non-resonant production due to modified λ, new vertices or new 
particles in the loop

• resonant production modes: KK gravitons, H in 2HDM, new 
scalar singlets, cross sections up to O(pb)  

SM BSM

�3vh
3

<latexit sha1_base64="f/FFzB+/2CnkGt4mNhYdbhJtMII=">AAAB9HicbVBNT8JAFHzFL8Qv1KOXjcTEE2mFRL0RvXjExAoJFLLdbmHDdtvsbjGk4X948aDGqz/Gm//GBXpQcJJNJjPz8t6On3CmtG1/W4W19Y3NreJ2aWd3b/+gfHj0qOJUEuqSmMey7WNFORPU1Uxz2k4kxZHPacsf3c781phKxWLxoCcJ9SI8ECxkBGsj9brcRAPcr6HxsFfrlyt21Z4DrRInJxXI0eyXv7pBTNKICk04Vqrj2In2Miw1I5xOS91U0QSTER7QjqECR1R52fzqKTozSoDCWJonNJqrvycyHCk1iXyTjLAeqmVvJv7ndVIdXnkZE0mqqSCLRWHKkY7RrAIUMEmJ5hNDMJHM3IrIEEtMtCmqZEpwlr+8StyL6nXVua9XGjd5G0U4gVM4BwcuoQF30AQXCEh4hld4s56sF+vd+lhEC1Y+cwx/YH3+AP0Xkbg=</latexit><latexit sha1_base64="f/FFzB+/2CnkGt4mNhYdbhJtMII=">AAAB9HicbVBNT8JAFHzFL8Qv1KOXjcTEE2mFRL0RvXjExAoJFLLdbmHDdtvsbjGk4X948aDGqz/Gm//GBXpQcJJNJjPz8t6On3CmtG1/W4W19Y3NreJ2aWd3b/+gfHj0qOJUEuqSmMey7WNFORPU1Uxz2k4kxZHPacsf3c781phKxWLxoCcJ9SI8ECxkBGsj9brcRAPcr6HxsFfrlyt21Z4DrRInJxXI0eyXv7pBTNKICk04Vqrj2In2Miw1I5xOS91U0QSTER7QjqECR1R52fzqKTozSoDCWJonNJqrvycyHCk1iXyTjLAeqmVvJv7ndVIdXnkZE0mqqSCLRWHKkY7RrAIUMEmJ5hNDMJHM3IrIEEtMtCmqZEpwlr+8StyL6nXVua9XGjd5G0U4gVM4BwcuoQF30AQXCEh4hld4s56sF+vd+lhEC1Y+cwx/YH3+AP0Xkbg=</latexit><latexit sha1_base64="f/FFzB+/2CnkGt4mNhYdbhJtMII=">AAAB9HicbVBNT8JAFHzFL8Qv1KOXjcTEE2mFRL0RvXjExAoJFLLdbmHDdtvsbjGk4X948aDGqz/Gm//GBXpQcJJNJjPz8t6On3CmtG1/W4W19Y3NreJ2aWd3b/+gfHj0qOJUEuqSmMey7WNFORPU1Uxz2k4kxZHPacsf3c781phKxWLxoCcJ9SI8ECxkBGsj9brcRAPcr6HxsFfrlyt21Z4DrRInJxXI0eyXv7pBTNKICk04Vqrj2In2Miw1I5xOS91U0QSTER7QjqECR1R52fzqKTozSoDCWJonNJqrvycyHCk1iXyTjLAeqmVvJv7ndVIdXnkZE0mqqSCLRWHKkY7RrAIUMEmJ5hNDMJHM3IrIEEtMtCmqZEpwlr+8StyL6nXVua9XGjd5G0U4gVM4BwcuoQF30AQXCEh4hld4s56sF+vd+lhEC1Y+cwx/YH3+AP0Xkbg=</latexit><latexit sha1_base64="f/FFzB+/2CnkGt4mNhYdbhJtMII=">AAAB9HicbVBNT8JAFHzFL8Qv1KOXjcTEE2mFRL0RvXjExAoJFLLdbmHDdtvsbjGk4X948aDGqz/Gm//GBXpQcJJNJjPz8t6On3CmtG1/W4W19Y3NreJ2aWd3b/+gfHj0qOJUEuqSmMey7WNFORPU1Uxz2k4kxZHPacsf3c781phKxWLxoCcJ9SI8ECxkBGsj9brcRAPcr6HxsFfrlyt21Z4DrRInJxXI0eyXv7pBTNKICk04Vqrj2In2Miw1I5xOS91U0QSTER7QjqECR1R52fzqKTozSoDCWJonNJqrvycyHCk1iXyTjLAeqmVvJv7ndVIdXnkZE0mqqSCLRWHKkY7RrAIUMEmJ5hNDMJHM3IrIEEtMtCmqZEpwlr+8StyL6nXVua9XGjd5G0U4gVM4BwcuoQF30AQXCEh4hld4s56sF+vd+lhEC1Y+cwx/YH3+AP0Xkbg=</latexit>

H
H

H

H

H

H

H

Higgs Self-Coupling

“box”

“triangle”
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• search for the HH production
• non-resonant (SM) production
• resonant production

• Higgs self-coupling
• HH and H analyses

• HH prospects

6

Outline
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most promising channels at LHC: 4b, bbττ and bbγγ

F. Costanza

Channel Lumi, fb Reference
4b 28-36 JHEP 01 (2019) 030

2b2W 36 JHEP 04 (2019) 029

2b2τ 36 PRL 121 (2018) 191801

4W 36 JHEP 05 (2019) 124

2b2γ 36 JHEP 11 (2018) 40

2W2γ 36 EPJC 78 (2018) 1007

comb 36 1906.02025

2blvlv 140 1908.0676

VBF 4b 126 ATLAS-CONF-2019-030

fb�1
<latexit sha1_base64="UAy3L8pp76oIa4FWIsZBNvA96F8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRV0GPRi8cK9gPaWDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGt1O/9cS1EbF6wHHC/YgOlAgFo2ilVhg8ZufepFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3Ak5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophtd+JlSSIldsvihMJcGYTH8nfaE5Qzm2hDIt7K2EDammDG1CRRuCt/jyMmlWK95FpXp/Wa7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx/bC49A</latexit>



Tatjana Lenz b-jet Tagging
• jets = collimated bunch of hadrons

• hadronisation of quarks and gluons
• types of jets: b-jets, charm-jets, (hadronic) τ-

jets and light jets
• b-tagging algorithms explore properties of B-

hadrons:
• relatively long lifetime  (1.6 pc)-> 

measurable decay length (2-3mm @ pt = 50 
GeV )

• decay vertex displaced from the interaction 
vertex, B-hadron mass, B-hadron carries 
most of b-jet energy (fragmentation)

• combined in multivariate classifier (BDT)
• working point (WP): 70% b-jet efficiency 

and 0.1% light jet efficiency

8



Tatjana Lenz τ Lepton Reconstruction
• τ-lepton decays

• 65% hadronically with 1 or 3 
charged pions

• 35% leptonically
• hadronic τ-lepton identification 

(ID) explores differences between 
τ-jets and QCD-jets
• number of tracks (==1 or ==3)
• lateral shape
• track momenta and inv. mass

• combined in multivariate 
classifier (BDT)
• τ-ID at 55% efficiency WP 

(multijet efficiency ~1%) 
9



Tatjana Lenz HH bbττ

• sizeable branching ratio (7%)
• moderate bkg contamination

• neutrinos in τ decays
• challenging had. τ reco and triggering

10

HH HH

τ

e/µ

ν

τ
b

b

HH HH

τ
b

b

τ

pros: contras:

 lep-had channel (46%) had-had channel (42%)

34%
25%
25%
14%
2%

66%
31%
2%
1%

lep-had had-had



Tatjana Lenz HH bbττ: Fake τ-had Bkg
• jets can fake hadronic τ’s

• source: multijet, W+jets, tt
• fake-probability depends on jet-type: gluon- or quark-jet

• ~30% higher for quark-jets

• data-driven approach for all three sources
• fake-enriched sample: τ fails medium (55% WP) τ-ID but satisfies very 

loose τ-ID
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A B

C D
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ID-τ ID-τ

Anti-ID-τ Anti-ID-τ

FF =
NB

ND
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Tatjana Lenz HH bbττ: BDT Analysis
• considerable gain using BDTs to separate signal and bkgs

• more than 20% better limits
• 6 - 11 variables depending on the channel

• strongest separation: inv. mass of HH-, bb- and ττ-systems 
and angular distance between b-jets and τ’s

• use BDT score as final discriminant in the binned likelihood fit

12

lep-had had-had
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HH 4b

• highest branching ratio (34%) • high multijet background

HH HH

b
b

b
b

contras:pros:

HH
b

b

b

b

resolved channel boosted channel

260 < mHH < 1500 GeV
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• select 4 b-jets with the highest b-
tag score and build all possible 
combinations of b-jet pairs

• apply m(4j)-dependent ΔR(jj) cuts

• assign b-jet pairs based on 
minimum mass difference DHH

• Higgs pT and Δη(HH), W and top 
mass requirements to suppress 
bkgs

• model the multijet bkg using 2-b-
jet events; tt bkg from MC

• use m(4j) as discriminant in the 
binned likelihood fit

14

HH 4b: Resolved Analysis Strategy
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• select 2 highest pT 
anti-kt R=1.0 
trimmed large-R jets 
with at least one 
ghost-associated b-
tagged anti-kt R=0.2 
track-jet

• veto resolved events
• m(2J) distribution 

used in the binned 
likelihood fit
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HH 4b: Boosted Analysis Strategy

H
b

b

mJJ = 3.89 TeV, pT,1 = 748 GeV, pT,2 = 747 GeV
<latexit sha1_base64="ne3mvkHKzNBumCIZPi2GHl6WWz4="></latexit>

R = 1.0

R = 0.2

R = 0.2
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• same strategy is used in the boosted analysis  but the 
numerical values are re-optimised
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HH 4b: Analysis Regions
Signal region (SR):
for the final search

Sideband region (SB):
to derive bkgs

Control region (CR):
to test bkgs and derive systs

SR

CR
SB

multijet bkg
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• use 2 b-jets events to model 4 b-jets bkg
• select 2 b-jets and randomly 2 non-tagged jets

• combinatoric factor for selection 2 non-tagged jets multiplied with the 
transfer factor for “pseudo-tagging”
• jet kinematics depend on the number of jets
• b-tagging depend on jet kinematics

17

HH 4b: Multijet Bkg

b b

b b

jet jet jet jet

jet jet

Higgs Higgs

form 2 Higgs candidates as usual

iterative kinematic 
reweighting using 5 
variables with the 

largest discrepancy

random choice
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HH bbγγ

HH HH

b

b

pros: contras:
• low background
• excellent m(γγ) resolution

• low branching ratio (0.3%)

γ

γ
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• select events with two photons and at least one b-tagged jet

• signal region: events with 1 or 2 b-tags

• 0-tag region only for cross checks
• 2nd jet in the 1 b-tag region is chosen by a BDT

• “loose” and “tight” selections depending on the tested signal 
hypothesis
• looser/tighter requirements on m(bb), m(γγ) and jet pT

• bkg templates derived from MC
• re-weighted using data in the sidebands derived by 

varying photon ID and isolation criteria
• unbinned likelihood fit

• resonant: m(γγbb) and non-resonant: m(γγ) distributions
• signal: double-sided Cristal Ball function (Gaussian core 

with power law tails)
• bkgs: Novosibirsk (loose sel.) or exponential (tight sel.) 

functions

19

HH bbγγ: Analysis Strategy



Tatjana Lenz Other HH Channels
• HH -> bb WW -> bb lv qq

• high branching fraction but 
high ttbar bkg

• leptonic decays to trigger but 
reduced rate and neutrinos in 
the final state

• HH -> WW WW (multilepton)
• high rate
• but neutrinos in the final 

state and bkgs from prompt 
leptons or ZZ

• HH -> WW γγ

• reduced background and 
excellent m(γγ) resolution

• low rate

20
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HH Non-Resonant Results
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Higgs Self-Coupling Results

Higgs boson self-coupling modifier: � = �HHH/�SM
<latexit sha1_base64="lqgWMdlvPsUczOajm1SFdV3yQaM="></latexit>
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Tatjana Lenz Higgs Self-Coupling Results

destructive interference

23

box
SM

triangle
max interference

triangle

box

signal acceptance x efficiency

cross section limits
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HH Spin-0 Results
Spin-0 heavy scalar (Heavy Higgs in Two Higgs Doublet and 
Electroweak Singlet Models)
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HH Spin-2 Results
Spin-2 heavy particle (Randall-Sundrum Graviton)
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HH EWK-Singlet Results
Constraints on Electroweak Singlet and hMSSM models as a 
function of the scalar mass, tan β and sin α

example:



Tatjana Lenz HH bblvlv

• new analysis on full Run 2 data (140/fb)

• search for 2 lepton decays of H -> WW, ZZ and 
ττ

• analysis uses multi-class deep neural network 
(DNN)

• counting experiment in 4 regions:
• same- and different lepton flavour signal 

regions
• top-quark and Z+heavy flavour control regions

27

HH HH

b

b

W

Wl
v

l
v

full Run-2 data



Tatjana Lenz VBF HH 4b

• first ATLAS search for HH via VBF 
production

• unique: sensitive to hhVV coupling

• SM cross-section ~1.7 fb at 13 TeV

• unique signature due to two forward 
jets

• small derivations from the SM => 
large changes in the production rate

• low sensitivity to SM HH (1000xSM)

28

excluded:

hhVV coupling

@ 95% CL



Tatjana Lenz Higgs Self-Coupling in Single Higgs

• single Higgs production is sensitive to Higgs self-coupling via next-to-
leading order electroweak corrections 

• combine H and HH analyses 
29

ATLAS-CONF-2019-049
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Higgs Self-Coupling H + HH

observedexpected
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• top quark appears in loops
• simultaneous fit of top-Higgs and H self-couplings

31

Higgs Self-Coupling H + HH

observed

expected



Tatjana Lenz HH @ HL-LHC

• pile-up increase to ~ 200 average pp collisions (now ~40)

• analysis projections for the new environment

• include estimates for detector improvements, amount of data and collision energy, 
analysis methods and tools

• expected significance to observe SM HH production at 14 TeV and 3000/fb of data, 
including extrapolated uncertainties

• ATLAS: 3σ, ATLAS+CMS: 4σ over bkg-only hypothesis
• ATLAS + CMS @ 68%CL with systematics:

32

futurepast

ATL-PHYS-PUB-2018-053
CERN-LPCC-2018-04



Tatjana Lenz Conclusions
• strong program of searches for non-resonant and resonant 

HH production and determination of Higgs self-coupling

• ATLAS reaches 6.9 x SM for the HH production with the 
partial Run-2 data set (36/fb)

• first analyses on the full Run-2 dataset(140/fb) become 
available

• first attempt to constrain the hhVV coupling in the VBF 
HH 4b channel

• promising projections at HL-LHC: 4σ for HH production 
over bkg-only hypothesis combining ATLAS + CMS
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HH bbττ: BDT

Variable
⌧lep⌧had channel ⌧lep⌧had channel

⌧had⌧had channel
(SLT resonant) (SLT non-resonant & LTT)

mHH X X X
m

MMC
⌧⌧ X X X

mbb X X X
�R(⌧, ⌧) X X X
�R(b, b) X X X
E

miss
T X

E
miss
T � centrality X X

m
W

T X X
��(H,H) X
�pT(lep, ⌧had-vis) X
Sub-leading b-jet pT X
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HH bbττ: BDT variables
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HH bbττ: yields
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HH bbττ: yields in last 2 BDT bins 
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HH bbττ: systematics
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HH 4b: resolved analysis regions

Signal region (SR):
for the final search

Sideband region (SB):
to derive bkgs

Control region (CR):
to test bkgs and derive systs

SR

CR
SB

SM HH signal



Tatjana Lenz

7

HH 4b: resolved yields
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HH 4b: boosted yields
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HH 4b: systematics (resolved)
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HH 4b: systematics (boosted)
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HH bbγγ: m(γγbb)
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• Loose selection: used for resonant masses 
between 260 and 500 GeV and Higgs-self-
coupling scan
• jet pT >= 40(25) GeV
• 80 < m(bb) < 140 GeV
• resonant only: |m(γγ) - mH| < 4.7 GeV

• Tight selection: used for resonant masses 
between 500 and 1000 GeV and SM non-
resonant HH signal
• jet pT >= 100(30) GeV
• 90 < m(bb) < 140 GeV
• resonant only: |m(γγ) - mH| < 4.3 GeV

• resonant only: di-Higgs 4-vector is scaled 
using single Higgs mass constrains to improve 
the m(bbγγ) resolution
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HH bbγγ: selection
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HH bbγγ: systematics



Tatjana Lenz

14

HH EWK-singlet results
constraints on Electroweak Singlet and hMSSM models as a 
function of the scalar mass, tan β and tan α
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HH EWK-singlet results
constraints on Electroweak Singlet and hMSSM models as a 
function of the scalar mass, tan β and tan α



Tatjana Lenz HH hMSSM results
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constraints on Electroweak Singlet and hMSSM models as a 
function of the scalar mass, tan β and tan α



Tatjana Lenz HH combination systematics
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HH bblvlv: DNN variables
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HH bblvlv: observables
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VBF HH 4b



Tatjana Lenz HH @ HL-LHC: ATLAS
• expected significance to observe SM HH production with 

ATLAS at 14 TeV and 3000/fb of data
• 3σ over background-only hypothesis
• 1.4σ over signal + background hypothesis

ATL-PHYS-PUB-2018-053
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HH @ HL-LHC: ATLAS


