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Outline  

Ø  Introduction and Motivation 
 

Ø  Evidence of Higgs decay to a bottom quark-antiquark pair 

Ø  Highly boosted hadronically decaying Higgs boson 
 
Ø  Conclusion  
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Dark matter 

Dark energy 

Missing antimatter 

Open Questions in (Particle) Physics  

New Physics: Another revolution of physics (undiscovered principles of 
nature): New symmetries, new physical laws, new particles? 
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New Physics beyond the Standard Model 

Many ideas: Supersymmetry (SUSY), Extra-
dimensions,  
Grant unify theory, String theory (26 
dimension space), ……    
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Dark matter 

Dark energy 
Missing antimatter 

Higgs Boson as a Probe for NP 

Precision measurement of Higgs properties is one of the best experimental 
probes to look for possible new physics hints 
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Higgs Boson Properties and Status  
H ! ��

<latexit sha1_base64="hKOWLXznbajo0ofBukF6ixkDObk=">AAAB/HicbVC7TsMwFHXKq5RXoCNLRIvEVCVdYKxg6Vgk+pCaqLpxndaq7US2gxRF5VdYGECIlQ9h429w2wzQciRbR+fcq3vvCRNGlXbdb6u0tb2zu1ferxwcHh2f2KdnPRWnEpMujlksByEowqggXU01I4NEEuAhI/1wdrfw+49EKhqLB50lJOAwETSiGLSRRna13vZ17PgT4BxWf31k19yGu4SzSbyC1FCBzsj+8scxTjkRGjNQaui5iQ5ykJpiRuYVP1UkATyDCRkaKoATFeTL5efOpVHGThRL84R2lurvjhy4UhkPTSUHPVXr3kL8zxumOroJciqSVBOBV4OilDnm3EUSzphKgjXLDAEsqdnVwVOQgLXJq2JC8NZP3iS9ZsNzG959s9a6LeIoo3N0ga6Qh65RC7VRB3URRhl6Rq/ozXqyXqx362NVWrKKnir6A+vzB5pFlBQ=</latexit><latexit sha1_base64="hKOWLXznbajo0ofBukF6ixkDObk=">AAAB/HicbVC7TsMwFHXKq5RXoCNLRIvEVCVdYKxg6Vgk+pCaqLpxndaq7US2gxRF5VdYGECIlQ9h429w2wzQciRbR+fcq3vvCRNGlXbdb6u0tb2zu1ferxwcHh2f2KdnPRWnEpMujlksByEowqggXU01I4NEEuAhI/1wdrfw+49EKhqLB50lJOAwETSiGLSRRna13vZ17PgT4BxWf31k19yGu4SzSbyC1FCBzsj+8scxTjkRGjNQaui5iQ5ykJpiRuYVP1UkATyDCRkaKoATFeTL5efOpVHGThRL84R2lurvjhy4UhkPTSUHPVXr3kL8zxumOroJciqSVBOBV4OilDnm3EUSzphKgjXLDAEsqdnVwVOQgLXJq2JC8NZP3iS9ZsNzG959s9a6LeIoo3N0ga6Qh65RC7VRB3URRhl6Rq/ozXqyXqx362NVWrKKnir6A+vzB5pFlBQ=</latexit><latexit sha1_base64="hKOWLXznbajo0ofBukF6ixkDObk=">AAAB/HicbVC7TsMwFHXKq5RXoCNLRIvEVCVdYKxg6Vgk+pCaqLpxndaq7US2gxRF5VdYGECIlQ9h429w2wzQciRbR+fcq3vvCRNGlXbdb6u0tb2zu1ferxwcHh2f2KdnPRWnEpMujlksByEowqggXU01I4NEEuAhI/1wdrfw+49EKhqLB50lJOAwETSiGLSRRna13vZ17PgT4BxWf31k19yGu4SzSbyC1FCBzsj+8scxTjkRGjNQaui5iQ5ykJpiRuYVP1UkATyDCRkaKoATFeTL5efOpVHGThRL84R2lurvjhy4UhkPTSUHPVXr3kL8zxumOroJciqSVBOBV4OilDnm3EUSzphKgjXLDAEsqdnVwVOQgLXJq2JC8NZP3iS9ZsNzG959s9a6LeIoo3N0ga6Qh65RC7VRB3URRhl6Rq/ozXqyXqx362NVWrKKnir6A+vzB5pFlBQ=</latexit><latexit sha1_base64="hKOWLXznbajo0ofBukF6ixkDObk=">AAAB/HicbVC7TsMwFHXKq5RXoCNLRIvEVCVdYKxg6Vgk+pCaqLpxndaq7US2gxRF5VdYGECIlQ9h429w2wzQciRbR+fcq3vvCRNGlXbdb6u0tb2zu1ferxwcHh2f2KdnPRWnEpMujlksByEowqggXU01I4NEEuAhI/1wdrfw+49EKhqLB50lJOAwETSiGLSRRna13vZ17PgT4BxWf31k19yGu4SzSbyC1FCBzsj+8scxTjkRGjNQaui5iQ5ykJpiRuYVP1UkATyDCRkaKoATFeTL5efOpVHGThRL84R2lurvjhy4UhkPTSUHPVXr3kL8zxumOroJciqSVBOBV4OilDnm3EUSzphKgjXLDAEsqdnVwVOQgLXJq2JC8NZP3iS9ZsNzG959s9a6LeIoo3N0ga6Qh65RC7VRB3URRhl6Rq/ozXqyXqx362NVWrKKnir6A+vzB5pFlBQ=</latexit>

H ! W+W�
<latexit sha1_base64="fi51yQZTXyroPWQZWs8XnGdbcMg=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRjAxMZKWix6JXjhiIpQECtkuW9iw3dbdLQlp+B1ePGiMV3+MN/+NC/Sg4EsmeXlvJjPz/JgzpW3728ptbG5t7+R3C3v7B4dHxeOTlooSSWiTRDySbR8rypmgTc00p+1YUhz6nLr++H7uuxMqFYvEo57G1AvxULCAEayN5JXrXR0ht3fl9q7L/WLJrtgLoHXiZKQEGRr94ld3EJEkpEITjpXqOHasvRRLzQins0I3UTTGZIyHtGOowCFVXro4eoYujDJAQSRNCY0W6u+JFIdKTUPfdIZYj9SqNxf/8zqJDm69lIk40VSQ5aIg4cg8Ok8ADZikRPOpIZhIZm5FZIQlJtrkVDAhOKsvr5NWteLYFeehWqrdZXHk4QzO4RIcuIEa1KEBTSDwBM/wCm/WxHqx3q2PZWvOymZO4Q+szx+a4JCr</latexit><latexit sha1_base64="fi51yQZTXyroPWQZWs8XnGdbcMg=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRjAxMZKWix6JXjhiIpQECtkuW9iw3dbdLQlp+B1ePGiMV3+MN/+NC/Sg4EsmeXlvJjPz/JgzpW3728ptbG5t7+R3C3v7B4dHxeOTlooSSWiTRDySbR8rypmgTc00p+1YUhz6nLr++H7uuxMqFYvEo57G1AvxULCAEayN5JXrXR0ht3fl9q7L/WLJrtgLoHXiZKQEGRr94ld3EJEkpEITjpXqOHasvRRLzQins0I3UTTGZIyHtGOowCFVXro4eoYujDJAQSRNCY0W6u+JFIdKTUPfdIZYj9SqNxf/8zqJDm69lIk40VSQ5aIg4cg8Ok8ADZikRPOpIZhIZm5FZIQlJtrkVDAhOKsvr5NWteLYFeehWqrdZXHk4QzO4RIcuIEa1KEBTSDwBM/wCm/WxHqx3q2PZWvOymZO4Q+szx+a4JCr</latexit><latexit sha1_base64="fi51yQZTXyroPWQZWs8XnGdbcMg=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRjAxMZKWix6JXjhiIpQECtkuW9iw3dbdLQlp+B1ePGiMV3+MN/+NC/Sg4EsmeXlvJjPz/JgzpW3728ptbG5t7+R3C3v7B4dHxeOTlooSSWiTRDySbR8rypmgTc00p+1YUhz6nLr++H7uuxMqFYvEo57G1AvxULCAEayN5JXrXR0ht3fl9q7L/WLJrtgLoHXiZKQEGRr94ld3EJEkpEITjpXqOHasvRRLzQins0I3UTTGZIyHtGOowCFVXro4eoYujDJAQSRNCY0W6u+JFIdKTUPfdIZYj9SqNxf/8zqJDm69lIk40VSQ5aIg4cg8Ok8ADZikRPOpIZhIZm5FZIQlJtrkVDAhOKsvr5NWteLYFeehWqrdZXHk4QzO4RIcuIEa1KEBTSDwBM/wCm/WxHqx3q2PZWvOymZO4Q+szx+a4JCr</latexit><latexit sha1_base64="fi51yQZTXyroPWQZWs8XnGdbcMg=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRjAxMZKWix6JXjhiIpQECtkuW9iw3dbdLQlp+B1ePGiMV3+MN/+NC/Sg4EsmeXlvJjPz/JgzpW3728ptbG5t7+R3C3v7B4dHxeOTlooSSWiTRDySbR8rypmgTc00p+1YUhz6nLr++H7uuxMqFYvEo57G1AvxULCAEayN5JXrXR0ht3fl9q7L/WLJrtgLoHXiZKQEGRr94ld3EJEkpEITjpXqOHasvRRLzQins0I3UTTGZIyHtGOowCFVXro4eoYujDJAQSRNCY0W6u+JFIdKTUPfdIZYj9SqNxf/8zqJDm69lIk40VSQ5aIg4cg8Ok8ADZikRPOpIZhIZm5FZIQlJtrkVDAhOKsvr5NWteLYFeehWqrdZXHk4QzO4RIcuIEa1KEBTSDwBM/wCm/WxHqx3q2PZWvOymZO4Q+szx+a4JCr</latexit>

H ! ZZ
<latexit sha1_base64="5FrAyupWXBbc61hl28nKp41ynYg=">AAAB8HicbVDLTgIxFL2DL8QX6tJNI5i4IjNscEl0wxITeQhMSKd0oKHtTNqOCZnwFW5caIxbP8edf2OBWSh4kiYn59yb3nOCmDNtXPfbyW1t7+zu5fcLB4dHxyfF07O2jhJFaItEPFLdAGvKmaQtwwyn3VhRLAJOO8H0buF3nqjSLJIPZhZTX+CxZCEj2FjpsdwYmAj1euVhseRW3CXQJvEyUoIMzWHxazCKSCKoNIRjrfueGxs/xcowwum8MEg0jTGZ4jHtWyqxoNpPlwfP0ZVVRiiMlH3SoKX6eyPFQuuZCOykwGai172F+J/XT0x446dMxomhkqw+ChOObMhFejRiihLDZ5Zgopi9FZEJVpgY21HBluCtR94k7WrFcyvefbVUv83qyMMFXMI1eFCDOjSgCS0gIOAZXuHNUc6L8+58rEZzTrZzDn/gfP4AYRaPdQ==</latexit><latexit sha1_base64="5FrAyupWXBbc61hl28nKp41ynYg=">AAAB8HicbVDLTgIxFL2DL8QX6tJNI5i4IjNscEl0wxITeQhMSKd0oKHtTNqOCZnwFW5caIxbP8edf2OBWSh4kiYn59yb3nOCmDNtXPfbyW1t7+zu5fcLB4dHxyfF07O2jhJFaItEPFLdAGvKmaQtwwyn3VhRLAJOO8H0buF3nqjSLJIPZhZTX+CxZCEj2FjpsdwYmAj1euVhseRW3CXQJvEyUoIMzWHxazCKSCKoNIRjrfueGxs/xcowwum8MEg0jTGZ4jHtWyqxoNpPlwfP0ZVVRiiMlH3SoKX6eyPFQuuZCOykwGai172F+J/XT0x446dMxomhkqw+ChOObMhFejRiihLDZ5Zgopi9FZEJVpgY21HBluCtR94k7WrFcyvefbVUv83qyMMFXMI1eFCDOjSgCS0gIOAZXuHNUc6L8+58rEZzTrZzDn/gfP4AYRaPdQ==</latexit><latexit sha1_base64="5FrAyupWXBbc61hl28nKp41ynYg=">AAAB8HicbVDLTgIxFL2DL8QX6tJNI5i4IjNscEl0wxITeQhMSKd0oKHtTNqOCZnwFW5caIxbP8edf2OBWSh4kiYn59yb3nOCmDNtXPfbyW1t7+zu5fcLB4dHxyfF07O2jhJFaItEPFLdAGvKmaQtwwyn3VhRLAJOO8H0buF3nqjSLJIPZhZTX+CxZCEj2FjpsdwYmAj1euVhseRW3CXQJvEyUoIMzWHxazCKSCKoNIRjrfueGxs/xcowwum8MEg0jTGZ4jHtWyqxoNpPlwfP0ZVVRiiMlH3SoKX6eyPFQuuZCOykwGai172F+J/XT0x446dMxomhkqw+ChOObMhFejRiihLDZ5Zgopi9FZEJVpgY21HBluCtR94k7WrFcyvefbVUv83qyMMFXMI1eFCDOjSgCS0gIOAZXuHNUc6L8+58rEZzTrZzDn/gfP4AYRaPdQ==</latexit><latexit sha1_base64="5FrAyupWXBbc61hl28nKp41ynYg=">AAAB8HicbVDLTgIxFL2DL8QX6tJNI5i4IjNscEl0wxITeQhMSKd0oKHtTNqOCZnwFW5caIxbP8edf2OBWSh4kiYn59yb3nOCmDNtXPfbyW1t7+zu5fcLB4dHxyfF07O2jhJFaItEPFLdAGvKmaQtwwyn3VhRLAJOO8H0buF3nqjSLJIPZhZTX+CxZCEj2FjpsdwYmAj1euVhseRW3CXQJvEyUoIMzWHxazCKSCKoNIRjrfueGxs/xcowwum8MEg0jTGZ4jHtWyqxoNpPlwfP0ZVVRiiMlH3SoKX6eyPFQuuZCOykwGai172F+J/XT0x446dMxomhkqw+ChOObMhFejRiihLDZ5Zgopi9FZEJVpgY21HBluCtR94k7WrFcyvefbVUv83qyMMFXMI1eFCDOjSgCS0gIOAZXuHNUc6L8+58rEZzTrZzDn/gfP4AYRaPdQ==</latexit>



Chunhui Chen, Iowa State University                                           June 6, 2018                               8 

Higgs Boson Decay to bottom quarks 

Need to reconstruct an individual quark 
Need to identify the flavor of the quark 
SM background is 10 orders of 
magnitude higher 

H
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(pb + pb̄)

2
<latexit sha1_base64="3wBp88yCrNnhPYUJsU8IqE1+vLM=">AAACDXicbZC7TsMwFIadcivlFmBksWiQipCqpAssSBUsHYtEL1ITIsd1W6uOE2wHqYryAiy8CgsDCLGys/E2uG0GaDmSrU//f47s8wcxo1LZ9rdRWFldW98obpa2tnd298z9g7aMEoFJC0csEt0AScIoJy1FFSPdWBAUBox0gvH11O88ECFpxG/VJCZeiIacDihGSku+aVlW6DcuXXkvVFqJ/TTIzvTtBkhozE7vapll+WbZrtqzgsvg5FAGeTV988vtRzgJCVeYISl7jh0rL0VCUcxIVnITSWKEx2hIeho5Con00tk2GTzRSh8OIqEPV3Cm/p5IUSjlJAx0Z4jUSC56U/E/r5eowYWXUh4ninA8f2iQMKgiOI0G9qkgWLGJBoQF1X+FeIQEwkoHWNIhOIsrL0O7VnXsqnNTK9ev8jiK4AgcgwpwwDmogwZoghbA4BE8g1fwZjwZL8a78TFvLRj5zCH4U8bnDykwmvc=</latexit><latexit sha1_base64="3wBp88yCrNnhPYUJsU8IqE1+vLM=">AAACDXicbZC7TsMwFIadcivlFmBksWiQipCqpAssSBUsHYtEL1ITIsd1W6uOE2wHqYryAiy8CgsDCLGys/E2uG0GaDmSrU//f47s8wcxo1LZ9rdRWFldW98obpa2tnd298z9g7aMEoFJC0csEt0AScIoJy1FFSPdWBAUBox0gvH11O88ECFpxG/VJCZeiIacDihGSku+aVlW6DcuXXkvVFqJ/TTIzvTtBkhozE7vapll+WbZrtqzgsvg5FAGeTV988vtRzgJCVeYISl7jh0rL0VCUcxIVnITSWKEx2hIeho5Con00tk2GTzRSh8OIqEPV3Cm/p5IUSjlJAx0Z4jUSC56U/E/r5eowYWXUh4ninA8f2iQMKgiOI0G9qkgWLGJBoQF1X+FeIQEwkoHWNIhOIsrL0O7VnXsqnNTK9ev8jiK4AgcgwpwwDmogwZoghbA4BE8g1fwZjwZL8a78TFvLRj5zCH4U8bnDykwmvc=</latexit><latexit sha1_base64="3wBp88yCrNnhPYUJsU8IqE1+vLM=">AAACDXicbZC7TsMwFIadcivlFmBksWiQipCqpAssSBUsHYtEL1ITIsd1W6uOE2wHqYryAiy8CgsDCLGys/E2uG0GaDmSrU//f47s8wcxo1LZ9rdRWFldW98obpa2tnd298z9g7aMEoFJC0csEt0AScIoJy1FFSPdWBAUBox0gvH11O88ECFpxG/VJCZeiIacDihGSku+aVlW6DcuXXkvVFqJ/TTIzvTtBkhozE7vapll+WbZrtqzgsvg5FAGeTV988vtRzgJCVeYISl7jh0rL0VCUcxIVnITSWKEx2hIeho5Con00tk2GTzRSh8OIqEPV3Cm/p5IUSjlJAx0Z4jUSC56U/E/r5eowYWXUh4ninA8f2iQMKgiOI0G9qkgWLGJBoQF1X+FeIQEwkoHWNIhOIsrL0O7VnXsqnNTK9ev8jiK4AgcgwpwwDmogwZoghbA4BE8g1fwZjwZL8a78TFvLRj5zCH4U8bnDykwmvc=</latexit><latexit sha1_base64="3wBp88yCrNnhPYUJsU8IqE1+vLM=">AAACDXicbZC7TsMwFIadcivlFmBksWiQipCqpAssSBUsHYtEL1ITIsd1W6uOE2wHqYryAiy8CgsDCLGys/E2uG0GaDmSrU//f47s8wcxo1LZ9rdRWFldW98obpa2tnd298z9g7aMEoFJC0csEt0AScIoJy1FFSPdWBAUBox0gvH11O88ECFpxG/VJCZeiIacDihGSku+aVlW6DcuXXkvVFqJ/TTIzvTtBkhozE7vapll+WbZrtqzgsvg5FAGeTV988vtRzgJCVeYISl7jh0rL0VCUcxIVnITSWKEx2hIeho5Con00tk2GTzRSh8OIqEPV3Cm/p5IUSjlJAx0Z4jUSC56U/E/r5eowYWXUh4ninA8f2iQMKgiOI0G9qkgWLGJBoQF1X+FeIQEwkoHWNIhOIsrL0O7VnXsqnNTK9ev8jiK4AgcgwpwwDmogwZoghbA4BE8g1fwZjwZL8a78TFvLRj5zCH4U8bnDykwmvc=</latexit>



Chunhui Chen, Iowa State University                                           June 6, 2018                               9 

The 27 km long LHC 
tunnel 

40 millions Proton-proton 
collision at 13 TeV per second 
1TeV=1000 GeV  

Large Hadron Collider (LHC) at CERN 
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ISU & IHEP are 
on ATLAS 
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145 × 106 

190,000 

10,000 

3,600 
1.2 × 106 

Numbers of 
electronic channels 

Designed & Built with cutting edge/innovative technologies by HEP physicists 

The ATLAS Detector  

46 m long, Overall weight: 7000 Tons 

ATLAS superimposed on  
the 5 story building 

ATLAS during construction ~3000 scientists from 174  
Institutions and 38 Countries   
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Challenges in HEP research 

Complicated event topologies 
Small signal/background ~ 10-6 – 10-9   
Sophisticated data analysis approaches 
Data analysis: Looking for a needle in a haystack 
 

A typical event seen by ATLAS 

A simulated back hole seen by ATLAS 

1011 (10,000 millions) protons/bunch per 25 ns  
~70 inelastic collision per event 
64 TB/second data produced 
~4 hours MC simulation per event  
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baryon 

antibaryon 

meson 

meson 

meson 

meson 

The experimentalist’s view 

Initial parton  
(quark, gluon) 

A bunch of particles 
(kaon, pion, electron,  
muon, proton, etc) 

QCD radiation,  
hadronization,  
decays 

Jet: representative of initial parton 
One jet = one quark or gluon 

Jet:  Reconstruction of quark and gluon 

Energy deposition 
in clusters inside 
Calorimeter 

Treat each 
cluster as 
a particle 

Form a jet with 4 
momentum → same 
as parton (quark, 
gluon) 

The theorist’s view 
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Identify Jets from b Quarks: b-Tagging 

Applying for b-tagging reduce the background of                by a factor of ~10000 H→ bb
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Ø  Background still ~ 106 times higher than H->bb 
ü  Dominate by b quarks productions 

Ø  Require associate production with a vector boson (V=W/Z) 
ü   W/Z decay leptonically 
ü   Further reduce background by ~1000 

 
 
 
 
 
 

Ø  Dominated background are W/Z+bb and top productions 

 
 
 

  Search for Production of  VH (H→ bb )
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  Multivariate Analysis of  VH (H→ bb )
Ø  Mbb is single most discriminating variables 

ü  Construct BDT (Boost Decision Tree) 
of several variables to boost 
sensitivities 

ü  Mbb, ΔR(bb) and pT(V) most important 
variables 

Ø  Separate training for each signal topology 

Example BDT output, 1 lepton + 2 jets 



Chunhui Chen, Iowa State University                                           June 6, 2018                               17 

  Validate Analysis using VZ(Z→ bb )
Ø  Analysis heavily relies on correct Monte Carlo simulation  
Ø  Validate the analysis approach by measuring SM VZ (Z->bb) production 

ü  Almost identical event topology as VH (H->bb) except for  different mbb 
ü  VH production well understood from other measurements  

•  Full leptonically final states 
ü  Apply identical analysis approach as VH 

Ø  Good consistent with the theory prediction 
ü  99% compatibility between different channels 
ü  5.8 (5.3) σ observed (expected) significance 
ü  First Observation of VZ(Z->bb) at ATLAS 
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  Results of                   Measurements VH (H→ bb )

Ø  3.5 (3.0) σ observed (expected) 
sigbificance 
Ø  Evidence of VH(H->bb) 
Ø  Systematically limited 
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  Results of                   Measurements VH (H→ bb )

Ø  Validate BDT 
analysis with an 
independent analysis 
based on mbb 

Ø  Less experimental 
sensitivity (2.8σ) 

Ø  Observe 3.5σ signal 
strength 
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Boosted Hadronically decaying Higgs Boson 

p p 

H 

H 

Ø  Many NP models predict heavy resonance decaying to final states with Higgs 

ü  Hadronically decaying product are highly colimated 
ü  Both quarks reconstructed inside a single jet with large cone size 

ü   Similar problems for boosted hadronically decaying W/Z/top 

X 

b̄
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b
<latexit sha1_base64="jEFNnKZQgmCcxiswE5SHxGSwESw=">AAAB7nicbVBNT8JAEJ3iF+IX6tHLRmriibRc9Ej04hETARNoyHbZwobtttmdmpCGH+HFg8Z49fd489+4QA8KvmSSl/dmMjMvTKUw6HnfTmljc2t7p7xb2ds/ODyqHp90TJJpxtsskYl+DKnhUijeRoGSP6aa0ziUvBtObud+94lrIxL1gNOUBzEdKREJRtFKXdfNw5nrDqo1r+4tQNaJX5AaFGgNql/9YcKymCtkkhrT870Ug5xqFEzyWaWfGZ5SNqEj3rNU0ZibIF+cOyMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DrIhUoz5IotF0WZJJiQ+e9kKDRnKKeWUKaFvZWwMdWUoU2oYkPwV19eJ51G3ffq/n2j1rwp4ijDGZzDJfhwBU24gxa0gcEEnuEV3pzUeXHenY9la8kpZk7hD5zPH/nAjqg=</latexit><latexit sha1_base64="jEFNnKZQgmCcxiswE5SHxGSwESw=">AAAB7nicbVBNT8JAEJ3iF+IX6tHLRmriibRc9Ej04hETARNoyHbZwobtttmdmpCGH+HFg8Z49fd489+4QA8KvmSSl/dmMjMvTKUw6HnfTmljc2t7p7xb2ds/ODyqHp90TJJpxtsskYl+DKnhUijeRoGSP6aa0ziUvBtObud+94lrIxL1gNOUBzEdKREJRtFKXdfNw5nrDqo1r+4tQNaJX5AaFGgNql/9YcKymCtkkhrT870Ug5xqFEzyWaWfGZ5SNqEj3rNU0ZibIF+cOyMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DrIhUoz5IotF0WZJJiQ+e9kKDRnKKeWUKaFvZWwMdWUoU2oYkPwV19eJ51G3ffq/n2j1rwp4ijDGZzDJfhwBU24gxa0gcEEnuEV3pzUeXHenY9la8kpZk7hD5zPH/nAjqg=</latexit><latexit sha1_base64="jEFNnKZQgmCcxiswE5SHxGSwESw=">AAAB7nicbVBNT8JAEJ3iF+IX6tHLRmriibRc9Ej04hETARNoyHbZwobtttmdmpCGH+HFg8Z49fd489+4QA8KvmSSl/dmMjMvTKUw6HnfTmljc2t7p7xb2ds/ODyqHp90TJJpxtsskYl+DKnhUijeRoGSP6aa0ziUvBtObud+94lrIxL1gNOUBzEdKREJRtFKXdfNw5nrDqo1r+4tQNaJX5AaFGgNql/9YcKymCtkkhrT870Ug5xqFEzyWaWfGZ5SNqEj3rNU0ZibIF+cOyMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DrIhUoz5IotF0WZJJiQ+e9kKDRnKKeWUKaFvZWwMdWUoU2oYkPwV19eJ51G3ffq/n2j1rwp4ijDGZzDJfhwBU24gxa0gcEEnuEV3pzUeXHenY9la8kpZk7hD5zPH/nAjqg=</latexit><latexit sha1_base64="jEFNnKZQgmCcxiswE5SHxGSwESw=">AAAB7nicbVBNT8JAEJ3iF+IX6tHLRmriibRc9Ej04hETARNoyHbZwobtttmdmpCGH+HFg8Z49fd489+4QA8KvmSSl/dmMjMvTKUw6HnfTmljc2t7p7xb2ds/ODyqHp90TJJpxtsskYl+DKnhUijeRoGSP6aa0ziUvBtObud+94lrIxL1gNOUBzEdKREJRtFKXdfNw5nrDqo1r+4tQNaJX5AaFGgNql/9YcKymCtkkhrT870Ug5xqFEzyWaWfGZ5SNqEj3rNU0ZibIF+cOyMXVhmSKNG2FJKF+nsip7Ex0zi0nTHFsVn15uJ/Xi/D6DrIhUoz5IotF0WZJJiQ+e9kKDRnKKeWUKaFvZWwMdWUoU2oYkPwV19eJ51G3ffq/n2j1rwp4ijDGZzDJfhwBU24gxa0gcEEnuEV3pzUeXHenY9la8kpZk7hD5zPH/nAjqg=</latexit>

X ! HH,HV (V = W/Z), H�
<latexit sha1_base64="5Cl5jbBBv3LvSIUxiVhWgLo4Yk0=">AAACCHicbVDNSsNAGNzUv1r/oh49uNgIFaQmvehFKHrJsYJNi00om+2mXbqbhN2NUEqPXnwVLx4U8eojePNt3LY5aHVgYZj5Pr6dCVNGpbLtL6OwtLyyulZcL21sbm3vmLt7nkwygUkTJywR7RBJwmhMmooqRtqpIIiHjLTC4fXUb90TIWkS36pRSgKO+jGNKEZKS13z0LLavkqg655C16t4l62zuxNN/T7iHFlW1yzbVXsG+Jc4OSmDHI2u+en3EpxxEivMkJQdx05VMEZCUczIpORnkqQID1GfdDSNEScyGM+CTOCxVnowSoR+sYIz9efGGHEpRzzUkxypgVz0puJ/XidT0UUwpnGaKRLj+aEoY1Ann7YCe1QQrNhIE4QF1X+FeIAEwkp3V9IlOIuR/xKvVnXsqnNTK9ev8jqK4AAcgQpwwDmoAxc0QBNg8ACewAt4NR6NZ+PNeJ+PFox8Zx/8gvHxDVJYllc=</latexit><latexit sha1_base64="5Cl5jbBBv3LvSIUxiVhWgLo4Yk0=">AAACCHicbVDNSsNAGNzUv1r/oh49uNgIFaQmvehFKHrJsYJNi00om+2mXbqbhN2NUEqPXnwVLx4U8eojePNt3LY5aHVgYZj5Pr6dCVNGpbLtL6OwtLyyulZcL21sbm3vmLt7nkwygUkTJywR7RBJwmhMmooqRtqpIIiHjLTC4fXUb90TIWkS36pRSgKO+jGNKEZKS13z0LLavkqg655C16t4l62zuxNN/T7iHFlW1yzbVXsG+Jc4OSmDHI2u+en3EpxxEivMkJQdx05VMEZCUczIpORnkqQID1GfdDSNEScyGM+CTOCxVnowSoR+sYIz9efGGHEpRzzUkxypgVz0puJ/XidT0UUwpnGaKRLj+aEoY1Ann7YCe1QQrNhIE4QF1X+FeIAEwkp3V9IlOIuR/xKvVnXsqnNTK9ev8jqK4AAcgQpwwDmoAxc0QBNg8ACewAt4NR6NZ+PNeJ+PFox8Zx/8gvHxDVJYllc=</latexit><latexit sha1_base64="5Cl5jbBBv3LvSIUxiVhWgLo4Yk0=">AAACCHicbVDNSsNAGNzUv1r/oh49uNgIFaQmvehFKHrJsYJNi00om+2mXbqbhN2NUEqPXnwVLx4U8eojePNt3LY5aHVgYZj5Pr6dCVNGpbLtL6OwtLyyulZcL21sbm3vmLt7nkwygUkTJywR7RBJwmhMmooqRtqpIIiHjLTC4fXUb90TIWkS36pRSgKO+jGNKEZKS13z0LLavkqg655C16t4l62zuxNN/T7iHFlW1yzbVXsG+Jc4OSmDHI2u+en3EpxxEivMkJQdx05VMEZCUczIpORnkqQID1GfdDSNEScyGM+CTOCxVnowSoR+sYIz9efGGHEpRzzUkxypgVz0puJ/XidT0UUwpnGaKRLj+aEoY1Ann7YCe1QQrNhIE4QF1X+FeIAEwkp3V9IlOIuR/xKvVnXsqnNTK9ev8jqK4AAcgQpwwDmoAxc0QBNg8ACewAt4NR6NZ+PNeJ+PFox8Zx/8gvHxDVJYllc=</latexit><latexit sha1_base64="5Cl5jbBBv3LvSIUxiVhWgLo4Yk0=">AAACCHicbVDNSsNAGNzUv1r/oh49uNgIFaQmvehFKHrJsYJNi00om+2mXbqbhN2NUEqPXnwVLx4U8eojePNt3LY5aHVgYZj5Pr6dCVNGpbLtL6OwtLyyulZcL21sbm3vmLt7nkwygUkTJywR7RBJwmhMmooqRtqpIIiHjLTC4fXUb90TIWkS36pRSgKO+jGNKEZKS13z0LLavkqg655C16t4l62zuxNN/T7iHFlW1yzbVXsG+Jc4OSmDHI2u+en3EpxxEivMkJQdx05VMEZCUczIpORnkqQID1GfdDSNEScyGM+CTOCxVnowSoR+sYIz9efGGHEpRzzUkxypgVz0puJ/XidT0UUwpnGaKRLj+aEoY1Ann7YCe1QQrNhIE4QF1X+FeIAEwkp3V9IlOIuR/xKvVnXsqnNTK9ev8jqK4AAcgQpwwDmoAxc0QBNg8ACewAt4NR6NZ+PNeJ+PFox8Zx/8gvHxDVJYllc=</latexit>

Boosted Higgs jet 
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  Identify 2 b in a single jet: double b-tagging 
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  Problems for highly boosted Higgs Boson 
Track jets overlapping for Higgs with 
very high momentum Significant efficiency loss for 

resonance with higher mass 
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  Variable Radius (VR) Track Jets 
Cluster anti-kT track jets using R

e↵

= max(R
min

,min(R
max

, ⇢/⇢T ))
<latexit sha1_base64="aLuSM99hdTFjPbE8NrCYNYqahMU=">AAACKHicbZBNSwMxEIazftb6VfXoJdgKLUjd7UUvYtGLxyr9gm5ZsmnWhibZJclKy9Kf48W/4kVEkV79JabtIlodyPDyzAyTef2IUaVte2ItLa+srq1nNrKbW9s7u7m9/aYKY4lJA4cslG0fKcKoIA1NNSPtSBLEfUZa/uB6Wm89EKloKOp6FJEuR/eCBhQjbZCXuywU7rzElRySIBhfuBwNiyngVIxPXJO/ARoaIPvh6TR59VKpUPByebtszwL+FU4q8iCNmpd7dXshjjkRGjOkVMexI91NkNQUMzLOurEiEcIDdE86RgrEieoms0PH8NiQHgxCaZ7QcEZ/TiSIKzXivunkSPfVYm0K/6t1Yh2cdxMqolgTgeeLgphBHcKpa7BHJcGajYxAWFLzV4j7SCKsjbdZY4KzePJf0ayUHbvs3Fby1avUjgw4BEegCBxwBqrgBtRAA2DwCJ7BG3i3nqwX68OazFuXrHTmAPwK6/MLtIKlGw==</latexit><latexit sha1_base64="aLuSM99hdTFjPbE8NrCYNYqahMU=">AAACKHicbZBNSwMxEIazftb6VfXoJdgKLUjd7UUvYtGLxyr9gm5ZsmnWhibZJclKy9Kf48W/4kVEkV79JabtIlodyPDyzAyTef2IUaVte2ItLa+srq1nNrKbW9s7u7m9/aYKY4lJA4cslG0fKcKoIA1NNSPtSBLEfUZa/uB6Wm89EKloKOp6FJEuR/eCBhQjbZCXuywU7rzElRySIBhfuBwNiyngVIxPXJO/ARoaIPvh6TR59VKpUPByebtszwL+FU4q8iCNmpd7dXshjjkRGjOkVMexI91NkNQUMzLOurEiEcIDdE86RgrEieoms0PH8NiQHgxCaZ7QcEZ/TiSIKzXivunkSPfVYm0K/6t1Yh2cdxMqolgTgeeLgphBHcKpa7BHJcGajYxAWFLzV4j7SCKsjbdZY4KzePJf0ayUHbvs3Fby1avUjgw4BEegCBxwBqrgBtRAA2DwCJ7BG3i3nqwX68OazFuXrHTmAPwK6/MLtIKlGw==</latexit><latexit sha1_base64="aLuSM99hdTFjPbE8NrCYNYqahMU=">AAACKHicbZBNSwMxEIazftb6VfXoJdgKLUjd7UUvYtGLxyr9gm5ZsmnWhibZJclKy9Kf48W/4kVEkV79JabtIlodyPDyzAyTef2IUaVte2ItLa+srq1nNrKbW9s7u7m9/aYKY4lJA4cslG0fKcKoIA1NNSPtSBLEfUZa/uB6Wm89EKloKOp6FJEuR/eCBhQjbZCXuywU7rzElRySIBhfuBwNiyngVIxPXJO/ARoaIPvh6TR59VKpUPByebtszwL+FU4q8iCNmpd7dXshjjkRGjOkVMexI91NkNQUMzLOurEiEcIDdE86RgrEieoms0PH8NiQHgxCaZ7QcEZ/TiSIKzXivunkSPfVYm0K/6t1Yh2cdxMqolgTgeeLgphBHcKpa7BHJcGajYxAWFLzV4j7SCKsjbdZY4KzePJf0ayUHbvs3Fby1avUjgw4BEegCBxwBqrgBtRAA2DwCJ7BG3i3nqwX68OazFuXrHTmAPwK6/MLtIKlGw==</latexit><latexit sha1_base64="aLuSM99hdTFjPbE8NrCYNYqahMU=">AAACKHicbZBNSwMxEIazftb6VfXoJdgKLUjd7UUvYtGLxyr9gm5ZsmnWhibZJclKy9Kf48W/4kVEkV79JabtIlodyPDyzAyTef2IUaVte2ItLa+srq1nNrKbW9s7u7m9/aYKY4lJA4cslG0fKcKoIA1NNSPtSBLEfUZa/uB6Wm89EKloKOp6FJEuR/eCBhQjbZCXuywU7rzElRySIBhfuBwNiyngVIxPXJO/ARoaIPvh6TR59VKpUPByebtszwL+FU4q8iCNmpd7dXshjjkRGjOkVMexI91NkNQUMzLOurEiEcIDdE86RgrEieoms0PH8NiQHgxCaZ7QcEZ/TiSIKzXivunkSPfVYm0K/6t1Yh2cdxMqolgTgeeLgphBHcKpa7BHJcGajYxAWFLzV4j7SCKsjbdZY4KzePJf0ayUHbvs3Fby1avUjgw4BEegCBxwBqrgBtRAA2DwCJ7BG3i3nqwX68OazFuXrHTmAPwK6/MLtIKlGw==</latexit>
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Exclusive kT Subjets 
Ø  Using Higgs jet constituents to cluster kT jet 
Ø  Undo the last clustering step to form exactly 2 subjets 
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 Center of Mass Subjets 
Ø  Boost to the Higgs jet center of mass frame (COM) 
Ø  Use Higgs jet constitutes to cluster 2 EECambridge subjets 
Ø  Use angular seperation in COM for track-to-subjet association 
Ø  Boost back to the lab frame to apply for b-tagging 
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 Reconstruction Efficiencies 
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 Double b-tagging vs. QCD Jet Rejection 
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 Double b-tagging vs. QCD Jet Rejection 
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 Double b-tagging vs. QCD Jet Rejection 
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 Summary and Conclusion 
Ø  Higgs boson serves as an important probe for NP 

Ø  Evidence of Higgs to bottom quark-antiquark at ATLAS 
 
Ø  New algorithms to identify highly boosted hadronically 

decaying Higgs boson 

Ø  Many works are still ongoing 
ü  Observation of H->bb with more data 
ü  Calibration of advanced Higgs double b-tagging 
ü  Expect results soon 

Thanks a lot for your time and attentions ! 

ATLAS: arXiv:1708.03299 
C.Chen: arXiv:1507.06913 
ATLAS: ATL-PHYS-PUB-2017-010 
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-010/ 
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Backup Slides  
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What is High Energy Physics  
Study matter and physics processes (elementary particles and their interaction) at 
the smallest scale and highest energy available in the laboratory (accelerator) 

Standard model (SM): most fundamental 
and self consistent physics theory to 
explain phenomena observed in nature 

Standard Model + Gravity = Basic Building blocks of our Knowledge in Physics 
( ≠ understanding the complexity of the nature ! Too difficult for HEP physicists ! 
 Leave them for our friends in CMP, Astronomy, Chemistry, biology ……) 
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Particle Physicist View of the Universe 
Many types of force (interaction) seen in our daily lives/universe 
All known forces of nature can be traced to the 4 fundamental interactions  
(Established by experimental observations) 

Higgs boson: allow derive three fundamental 
interaction (Electromagnetic force, strong 
interaction and weak interaction) from the 
first principle (Gauge invariance) in physics 
with some basic assumptions (number of 
particles and their quantum numbers etc.) 
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Lessons/Opportunity in Particle Physics 
Ø  Do we understand the fundamental principles of nature? 
Ø  Same question asked more than 100 years ago: 

 

 

Ø  Two puzzles: Speed of light (SR), Black body radiation (QM) 
Michelson–Morley experiment  
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Decay	Mode	 Branching	
Frac1on	

Useful	Branching	
frac1on	

Background	Level	

Bo8om	quarks	 60%	 30%	 Tens	of	thousands:1	

WW*	 15%	 ~2%	 Few:1	

ZZ*	 4%	 0.014%	 Comparable	

gluons	 10%	 10%	 Millions:1	

taus	 8%	 6%	 A	long	story	

Charm	quarks	 6%	 3%	 Tens	of	thousands:1	

Two	photons	 0.2%	 0.2%	 Few:1	

The quantity of signal is but one element in designing an analysis.  The 
level of background is at least as important.  While I will only barely 
touch on it, so is trigger ability: you cannot analyze an event that you 
didn’t record. 

For a ~125 GeV Higgs 

Higgs Decay 
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  Systematic Uncertainties of                    VH (H→ bb )
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From experiment to great ideas in theory  
Continuous electron spectrum in the β-decay of the nucleon: 
Proposal of neutrino (Wolfgang Pauli 1930, Enrico Fermi 1934) 

Pauli Fermi 
Lack of exp. test of parity conservation in Weak processes:   
Proposal of testing party violation  
( Chen-Ning Yang & Tsung-Dao Lee 1956) Yang Lee 

Very small decay rate:    
Proposal of GIM mechanism → prediction of charm quark 
( Sheldon Glashow, John Iliopoulos &  Luciano Maiani 1970) 

€ 

K 0 /K 0 →µ+µ−

Glashow 

Observation of CP vialition in neutral Kaon dacay in 1964: 
Proposal of CKM mechanism and predict of top quark  
( Makoto Kobayashi & Toshihide Maskawa 1973) 

Kobayashi Maskawa 
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 Double b-tagging vs. Top Bg Rejection 


