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Thanks to the LHC
• The old king is dead!!? new  

possibilities

I spoke bad 
about
SUSY

New king?



Hunt for new physics afterwards 
"Bottom-up approach"

1. Anomaly detection (different from SM expectations) 
- Need to have precise tools (importance of Monte Carlo Tools) 
- Modern Machine Learning is focusing on!

2. Try to interpret a new signal with various model assumptions  
or Model-independent way  
 
1) Find out a relevant event-topology (how observed particles are produced) 
  (feynman diagram without specific spin assignment.) 
     
2) Determine parameters (spin, mass) with various methods 
  Current (mass, spin) measurement methods are based on a specific event-topology.

3. With "observed feynman-diagram", we can fit it to a relevant  
BSM model(s)



Example: anomaly

<latexit sha1_base64="vkqhsHR9jZgNzbxb5BBmahv9UFc=">AAACDXicbZDLSsNAFIZPvNZ6i7p0M9gKrkpSEF0WRXBZoTdoQ5hMJu3QyYWZSaGEPIMv4FbfwJ249Rl8AZ/DaZuFbf1h4Oc/58w5fF7CmVSW9W1sbG5t7+yW9sr7B4dHx+bJaUfGqSC0TWIei56HJeUsom3FFKe9RFAcepx2vfH9rN6dUCFZHLXUNKFOiIcRCxjBSkeuaZarA8mxHFE/e8jdVtU1K1bNmgutG7swFSjUdM2fgR+TNKSRIvoj2betRDkZFooRTvPyIJU0wWSMh7SvbYRDKp1sfnmOLnXioyAW+kUKzdO/ExkOpZyGnu4MsRrJ1dos/K/WT1Vw62QsSlJFI7JYFKQcqRjNMCCfCUoUn2qDiWD6VkRGWGCiNKylLQWdXIOxVzGsm069Zl/XrKd6pXFXICrBOVzAFdhwAw14hCa0gcAEXuAV3oxn4934MD4XrRtGMXMGSzK+fgED0JuY</latexit>
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∈
{

⋯ }
<latexit sha1_base64="KFz8xwnMmlKhx8eykRy7MnzJe1g=">AAACHHicdVBNSwJBGJ7t0+zL6thlSINOsq6mdYsi6GiQGugis+O7Ojg7u83MBrL4O7pF/Zdu0TXor3RqVg0y6oGBh+d5v+bxIs6Utu0Pa2FxaXllNbOWXd/Y3NrO7ew2VRhLCg0a8lDeekQBZwIammkOt5EEEngcWt7wIvVb9yAVC8WNHkXgBqQvmM8o0UZyCx3FiRpAL7kcF7q5vF08Pak6xw62i7Zdc8rVlDi1ilPGJaOkyKMZ6t3cZ6cX0jgAoakZo9olO9JuQqRmlMM424kVRIQOSR/ahgoSgHKTydFjfGiUHvZDaZ7QeKL+7EhIoNQo8ExlQPRA/fZS8S+vHWv/xE2YiGINgk4X+THHOsRpArjHJFDNR4YQKpm5FdMBkYRqk9PcFh9GIojm/pHM8hqbsL4Twf+TplMsVYuVayd/dj6LLYP20QE6QiVUQ2foCtVRA1F0hx7QE3q2Hq0X69V6m5YuWLOePTQH6/0LbfOjUw==</latexit>

/E
<latexit sha1_base64="KFz8xwnMmlKhx8eykRy7MnzJe1g=">AAACHHicdVBNSwJBGJ7t0+zL6thlSINOsq6mdYsi6GiQGugis+O7Ojg7u83MBrL4O7pF/Zdu0TXor3RqVg0y6oGBh+d5v+bxIs6Utu0Pa2FxaXllNbOWXd/Y3NrO7ew2VRhLCg0a8lDeekQBZwIammkOt5EEEngcWt7wIvVb9yAVC8WNHkXgBqQvmM8o0UZyCx3FiRpAL7kcF7q5vF08Pak6xw62i7Zdc8rVlDi1ilPGJaOkyKMZ6t3cZ6cX0jgAoakZo9olO9JuQqRmlMM424kVRIQOSR/ahgoSgHKTydFjfGiUHvZDaZ7QeKL+7EhIoNQo8ExlQPRA/fZS8S+vHWv/xE2YiGINgk4X+THHOsRpArjHJFDNR4YQKpm5FdMBkYRqk9PcFh9GIojm/pHM8hqbsL4Twf+TplMsVYuVayd/dj6LLYP20QE6QiVUQ2foCtVRA1F0hx7QE3q2Hq0X69V6m5YuWLOePTQH6/0LbfOjUw==</latexit>

/E

<latexit sha1_base64="KFz8xwnMmlKhx8eykRy7MnzJe1g=">AAACHHicdVBNSwJBGJ7t0+zL6thlSINOsq6mdYsi6GiQGugis+O7Ojg7u83MBrL4O7pF/Zdu0TXor3RqVg0y6oGBh+d5v+bxIs6Utu0Pa2FxaXllNbOWXd/Y3NrO7ew2VRhLCg0a8lDeekQBZwIammkOt5EEEngcWt7wIvVb9yAVC8WNHkXgBqQvmM8o0UZyCx3FiRpAL7kcF7q5vF08Pak6xw62i7Zdc8rVlDi1ilPGJaOkyKMZ6t3cZ6cX0jgAoakZo9olO9JuQqRmlMM424kVRIQOSR/ahgoSgHKTydFjfGiUHvZDaZ7QeKL+7EhIoNQo8ExlQPRA/fZS8S+vHWv/xE2YiGINgk4X+THHOsRpArjHJFDNR4YQKpm5FdMBkYRqk9PcFh9GIojm/pHM8hqbsL4Twf+TplMsVYuVayd/dj6LLYP20QE6QiVUQ2foCtVRA1F0hx7QE3q2Hq0X69V6m5YuWLOePTQH6/0LbfOjUw==</latexit>

/E
<latexit sha1_base64="KFz8xwnMmlKhx8eykRy7MnzJe1g=">AAACHHicdVBNSwJBGJ7t0+zL6thlSINOsq6mdYsi6GiQGugis+O7Ojg7u83MBrL4O7pF/Zdu0TXor3RqVg0y6oGBh+d5v+bxIs6Utu0Pa2FxaXllNbOWXd/Y3NrO7ew2VRhLCg0a8lDeekQBZwIammkOt5EEEngcWt7wIvVb9yAVC8WNHkXgBqQvmM8o0UZyCx3FiRpAL7kcF7q5vF08Pak6xw62i7Zdc8rVlDi1ilPGJaOkyKMZ6t3cZ6cX0jgAoakZo9olO9JuQqRmlMM424kVRIQOSR/ahgoSgHKTydFjfGiUHvZDaZ7QeKL+7EhIoNQo8ExlQPRA/fZS8S+vHWv/xE2YiGINgk4X+THHOsRpArjHJFDNR4YQKpm5FdMBkYRqk9PcFh9GIojm/pHM8hqbsL4Twf+TplMsVYuVayd/dj6LLYP20QE6QiVUQ2foCtVRA1F0hx7QE3q2Hq0X69V6m5YuWLOePTQH6/0LbfOjUw==</latexit>

/E

<latexit sha1_base64="KFz8xwnMmlKhx8eykRy7MnzJe1g=">AAACHHicdVBNSwJBGJ7t0+zL6thlSINOsq6mdYsi6GiQGugis+O7Ojg7u83MBrL4O7pF/Zdu0TXor3RqVg0y6oGBh+d5v+bxIs6Utu0Pa2FxaXllNbOWXd/Y3NrO7ew2VRhLCg0a8lDeekQBZwIammkOt5EEEngcWt7wIvVb9yAVC8WNHkXgBqQvmM8o0UZyCx3FiRpAL7kcF7q5vF08Pak6xw62i7Zdc8rVlDi1ilPGJaOkyKMZ6t3cZ6cX0jgAoakZo9olO9JuQqRmlMM424kVRIQOSR/ahgoSgHKTydFjfGiUHvZDaZ7QeKL+7EhIoNQo8ExlQPRA/fZS8S+vHWv/xE2YiGINgk4X+THHOsRpArjHJFDNR4YQKpm5FdMBkYRqk9PcFh9GIojm/pHM8hqbsL4Twf+TplMsVYuVayd/dj6LLYP20QE6QiVUQ2foCtVRA1F0hx7QE3q2Hq0X69V6m5YuWLOePTQH6/0LbfOjUw==</latexit>

/E

<latexit sha1_base64="KFz8xwnMmlKhx8eykRy7MnzJe1g=">AAACHHicdVBNSwJBGJ7t0+zL6thlSINOsq6mdYsi6GiQGugis+O7Ojg7u83MBrL4O7pF/Zdu0TXor3RqVg0y6oGBh+d5v+bxIs6Utu0Pa2FxaXllNbOWXd/Y3NrO7ew2VRhLCg0a8lDeekQBZwIammkOt5EEEngcWt7wIvVb9yAVC8WNHkXgBqQvmM8o0UZyCx3FiRpAL7kcF7q5vF08Pak6xw62i7Zdc8rVlDi1ilPGJaOkyKMZ6t3cZ6cX0jgAoakZo9olO9JuQqRmlMM424kVRIQOSR/ahgoSgHKTydFjfGiUHvZDaZ7QeKL+7EhIoNQo8ExlQPRA/fZS8S+vHWv/xE2YiGINgk4X+THHOsRpArjHJFDNR4YQKpm5FdMBkYRqk9PcFh9GIojm/pHM8hqbsL4Twf+TplMsVYuVayd/dj6LLYP20QE6QiVUQ2foCtVRA1F0hx7QE3q2Hq0X69V6m5YuWLOePTQH6/0LbfOjUw==</latexit>

/E

<latexit sha1_base64="KFz8xwnMmlKhx8eykRy7MnzJe1g=">AAACHHicdVBNSwJBGJ7t0+zL6thlSINOsq6mdYsi6GiQGugis+O7Ojg7u83MBrL4O7pF/Zdu0TXor3RqVg0y6oGBh+d5v+bxIs6Utu0Pa2FxaXllNbOWXd/Y3NrO7ew2VRhLCg0a8lDeekQBZwIammkOt5EEEngcWt7wIvVb9yAVC8WNHkXgBqQvmM8o0UZyCx3FiRpAL7kcF7q5vF08Pak6xw62i7Zdc8rVlDi1ilPGJaOkyKMZ6t3cZ6cX0jgAoakZo9olO9JuQqRmlMM424kVRIQOSR/ahgoSgHKTydFjfGiUHvZDaZ7QeKL+7EhIoNQo8ExlQPRA/fZS8S+vHWv/xE2YiGINgk4X+THHOsRpArjHJFDNR4YQKpm5FdMBkYRqk9PcFh9GIojm/pHM8hqbsL4Twf+TplMsVYuVayd/dj6LLYP20QE6QiVUQ2foCtVRA1F0hx7QE3q2Hq0X69V6m5YuWLOePTQH6/0LbfOjUw==</latexit>

/E
<latexit sha1_base64="KFz8xwnMmlKhx8eykRy7MnzJe1g=">AAACHHicdVBNSwJBGJ7t0+zL6thlSINOsq6mdYsi6GiQGugis+O7Ojg7u83MBrL4O7pF/Zdu0TXor3RqVg0y6oGBh+d5v+bxIs6Utu0Pa2FxaXllNbOWXd/Y3NrO7ew2VRhLCg0a8lDeekQBZwIammkOt5EEEngcWt7wIvVb9yAVC8WNHkXgBqQvmM8o0UZyCx3FiRpAL7kcF7q5vF08Pak6xw62i7Zdc8rVlDi1ilPGJaOkyKMZ6t3cZ6cX0jgAoakZo9olO9JuQqRmlMM424kVRIQOSR/ahgoSgHKTydFjfGiUHvZDaZ7QeKL+7EhIoNQo8ExlQPRA/fZS8S+vHWv/xE2YiGINgk4X+THHOsRpArjHJFDNR4YQKpm5FdMBkYRqk9PcFh9GIojm/pHM8hqbsL4Twf+TplMsVYuVayd/dj6LLYP20QE6QiVUQ2foCtVRA1F0hx7QE3q2Hq0X69V6m5YuWLOePTQH6/0LbfOjUw==</latexit>

/E

<latexit sha1_base64="YgVAQvoTPUNjoadgWRm/uFsTCB0="></latexit>

jb, `+, /E

<latexit sha1_base64="Sf5LYahA9FdKSjKNRXBql//zNx4="></latexit>

jb, `�, /E

<latexit sha1_base64="YgVAQvoTPUNjoadgWRm/uFsTCB0="></latexit>

jb, `+, /E

<latexit sha1_base64="Sf5LYahA9FdKSjKNRXBql//zNx4="></latexit>

jb, `�, /E

<latexit sha1_base64="uRfZK/8d0e9HKe/lv08Zs2SPz1I=">AAACFHicdVDLTgJBEJzFF75Rj14mgoknsiwIeCN68YiJPBIgZHbohZHZ2c3MrAnZ8A3ejP6LN+PVu7/iyVnARIxW0kmlujvdVW7ImdK2/WGlVlbX1jfSm1vbO7t7+5mDw6YKIkmhQQMeyLZLFHAmoKGZ5tAOJRDf5dByx1dJv3UPUrFA3OpJCD2fDAXzGCXaSI3cXd/N9TNZO39RLTvnDrbztl1xiuWEOJWSU8QFoyTIogXq/cxndxDQyAehKSdKdQp2qHsxkZpRDtOtbqQgJHRMhtAxVBAfVC+ePTvFp0YZYC+QpoTGM/XnRkx8pSa+ayZ9okfqdy8R/+p1Iu1VezETYaRB0PkhL+JYBzhxjgdMAtV8YgihkplfMR0RSag2+Sxd8WAi/HDJR6yM0REMpias70Tw/6Tp5AvlfOnGydYuF7Gl0TE6QWeogCqohq5RHTUQRQw9oCf0bD1aL9ar9TYfTVmLnSO0BOv9C538n7E=</latexit>

jb

<latexit sha1_base64="uRfZK/8d0e9HKe/lv08Zs2SPz1I=">AAACFHicdVDLTgJBEJzFF75Rj14mgoknsiwIeCN68YiJPBIgZHbohZHZ2c3MrAnZ8A3ejP6LN+PVu7/iyVnARIxW0kmlujvdVW7ImdK2/WGlVlbX1jfSm1vbO7t7+5mDw6YKIkmhQQMeyLZLFHAmoKGZ5tAOJRDf5dByx1dJv3UPUrFA3OpJCD2fDAXzGCXaSI3cXd/N9TNZO39RLTvnDrbztl1xiuWEOJWSU8QFoyTIogXq/cxndxDQyAehKSdKdQp2qHsxkZpRDtOtbqQgJHRMhtAxVBAfVC+ePTvFp0YZYC+QpoTGM/XnRkx8pSa+ayZ9okfqdy8R/+p1Iu1VezETYaRB0PkhL+JYBzhxjgdMAtV8YgihkplfMR0RSag2+Sxd8WAi/HDJR6yM0REMpias70Tw/6Tp5AvlfOnGydYuF7Gl0TE6QWeogCqohq5RHTUQRQw9oCf0bD1aL9ar9TYfTVmLnSO0BOv9C538n7E=</latexit>

jb
<latexit sha1_base64="uRfZK/8d0e9HKe/lv08Zs2SPz1I=">AAACFHicdVDLTgJBEJzFF75Rj14mgoknsiwIeCN68YiJPBIgZHbohZHZ2c3MrAnZ8A3ejP6LN+PVu7/iyVnARIxW0kmlujvdVW7ImdK2/WGlVlbX1jfSm1vbO7t7+5mDw6YKIkmhQQMeyLZLFHAmoKGZ5tAOJRDf5dByx1dJv3UPUrFA3OpJCD2fDAXzGCXaSI3cXd/N9TNZO39RLTvnDrbztl1xiuWEOJWSU8QFoyTIogXq/cxndxDQyAehKSdKdQp2qHsxkZpRDtOtbqQgJHRMhtAxVBAfVC+ePTvFp0YZYC+QpoTGM/XnRkx8pSa+ayZ9okfqdy8R/+p1Iu1VezETYaRB0PkhL+JYBzhxjgdMAtV8YgihkplfMR0RSag2+Sxd8WAi/HDJR6yM0REMpias70Tw/6Tp5AvlfOnGydYuF7Gl0TE6QWeogCqohq5RHTUQRQw9oCf0bD1aL9ar9TYfTVmLnSO0BOv9C538n7E=</latexit>

jb

<latexit sha1_base64="uRfZK/8d0e9HKe/lv08Zs2SPz1I=">AAACFHicdVDLTgJBEJzFF75Rj14mgoknsiwIeCN68YiJPBIgZHbohZHZ2c3MrAnZ8A3ejP6LN+PVu7/iyVnARIxW0kmlujvdVW7ImdK2/WGlVlbX1jfSm1vbO7t7+5mDw6YKIkmhQQMeyLZLFHAmoKGZ5tAOJRDf5dByx1dJv3UPUrFA3OpJCD2fDAXzGCXaSI3cXd/N9TNZO39RLTvnDrbztl1xiuWEOJWSU8QFoyTIogXq/cxndxDQyAehKSdKdQp2qHsxkZpRDtOtbqQgJHRMhtAxVBAfVC+ePTvFp0YZYC+QpoTGM/XnRkx8pSa+ayZ9okfqdy8R/+p1Iu1VezETYaRB0PkhL+JYBzhxjgdMAtV8YgihkplfMR0RSag2+Sxd8WAi/HDJR6yM0REMpias70Tw/6Tp5AvlfOnGydYuF7Gl0TE6QWeogCqohq5RHTUQRQw9oCf0bD1aL9ar9TYfTVmLnSO0BOv9C538n7E=</latexit>

jb
<latexit sha1_base64="m3+P/li5NBjxZfpPPXjcEFbqVoQ="></latexit>

`+, /E

<latexit sha1_base64="B2AQEK3hH5rLwfMcPnhGSSZo0mw="></latexit>

`�, /E

<latexit sha1_base64="KFz8xwnMmlKhx8eykRy7MnzJe1g=">AAACHHicdVBNSwJBGJ7t0+zL6thlSINOsq6mdYsi6GiQGugis+O7Ojg7u83MBrL4O7pF/Zdu0TXor3RqVg0y6oGBh+d5v+bxIs6Utu0Pa2FxaXllNbOWXd/Y3NrO7ew2VRhLCg0a8lDeekQBZwIammkOt5EEEngcWt7wIvVb9yAVC8WNHkXgBqQvmM8o0UZyCx3FiRpAL7kcF7q5vF08Pak6xw62i7Zdc8rVlDi1ilPGJaOkyKMZ6t3cZ6cX0jgAoakZo9olO9JuQqRmlMM424kVRIQOSR/ahgoSgHKTydFjfGiUHvZDaZ7QeKL+7EhIoNQo8ExlQPRA/fZS8S+vHWv/xE2YiGINgk4X+THHOsRpArjHJFDNR4YQKpm5FdMBkYRqk9PcFh9GIojm/pHM8hqbsL4Twf+TplMsVYuVayd/dj6LLYP20QE6QiVUQ2foCtVRA1F0hx7QE3q2Hq0X69V6m5YuWLOePTQH6/0LbfOjUw==</latexit>

/E
<latexit sha1_base64="RtOPU4kD2R2x8D8Tg3vaHRD5Nx4=">AAACF3icdVBNS8NAEN34WetX1aOXxSoIQkhTbfVW9OJRwdpCG8tmM7FLN5uwuxFK6J/wJvpfvIlXj/4VT25sBSv6YODxZoaZ9/yEM6Ud592amZ2bX1gsLBWXV1bX1ksbm9cqTiWFJo15LNs+UcCZgKZmmkM7kUAin0PLH5zl/dYdSMVicaWHCXgRuRUsZJRoI7V3u8D5zcFur1R27JPjmnvkYsd2nLpbreXErR+6VVwxSo4ymuCiV/roBjFNIxCacqJUp+Ik2suI1IxyGBW7qYKE0AG5hY6hgkSgvOzr3xHeM0qAw1iaEhp/qT83MhIpNYx8MxkR3Ve/e7n4V6+T6vDYy5hIUg2Cjg+FKcc6xrl5HDAJVPOhIYRKZn7FtE8kodpENHUlhKGIkikfmTJG+xCMTFjfieD/ybVrV2r24aVbbpxOYiugbbSD9lEF1VEDnaML1EQUcXSPHtGT9WA9Wy/W63h0xprsbKEpWG+fsFqgxg==</latexit>

`+

<latexit sha1_base64="FVl6YgUCuJwIB9AELdBQfPvumM0=">AAACF3icdVBNS8NAEN34WetX1aOXxSp4MaSptnorevGoYG2hjWWzmdilm03Y3Qgl9E94E/0v3sSrR/+KJze2ghV9MPB4M8PMe37CmdKO827NzM7NLywWlorLK6tr66WNzWsVp5JCk8Y8lm2fKOBMQFMzzaGdSCCRz6HlD87yfusOpGKxuNLDBLyI3AoWMkq0kdq7XeD85mC3Vyo79slxzT1ysWM7Tt2t1nLi1g/dKq4YJUcZTXDRK310g5imEQhNOVGqU3ES7WVEakY5jIrdVEFC6IDcQsdQQSJQXvb17wjvGSXAYSxNCY2/1J8bGYmUGka+mYyI7qvfvVz8q9dJdXjsZUwkqQZBx4fClGMd49w8DpgEqvnQEEIlM79i2ieSUG0imroSwlBEyZSPTBmjfQhGJqzvRPD/5Nq1KzX78NItN04nsRXQNtpB+6iC6qiBztEFaiKKOLpHj+jJerCerRfrdTw6Y012ttAUrLdPs7SgyA==</latexit>

`�
<latexit sha1_base64="KFz8xwnMmlKhx8eykRy7MnzJe1g=">AAACHHicdVBNSwJBGJ7t0+zL6thlSINOsq6mdYsi6GiQGugis+O7Ojg7u83MBrL4O7pF/Zdu0TXor3RqVg0y6oGBh+d5v+bxIs6Utu0Pa2FxaXllNbOWXd/Y3NrO7ew2VRhLCg0a8lDeekQBZwIammkOt5EEEngcWt7wIvVb9yAVC8WNHkXgBqQvmM8o0UZyCx3FiRpAL7kcF7q5vF08Pak6xw62i7Zdc8rVlDi1ilPGJaOkyKMZ6t3cZ6cX0jgAoakZo9olO9JuQqRmlMM424kVRIQOSR/ahgoSgHKTydFjfGiUHvZDaZ7QeKL+7EhIoNQo8ExlQPRA/fZS8S+vHWv/xE2YiGINgk4X+THHOsRpArjHJFDNR4YQKpm5FdMBkYRqk9PcFh9GIojm/pHM8hqbsL4Twf+TplMsVYuVayd/dj6LLYP20QE6QiVUQ2foCtVRA1F0hx7QE3q2Hq0X69V6m5YuWLOePTQH6/0LbfOjUw==</latexit>

/E

{Various event-topologies}  
Red: Decaying particle 
Black: stable particle



∈

diagram from Lian-Tao Wang et.al. arxiv:1303.6638

{
⋯ }

Most of event-toplogies  
are based on 

(previously) favored models



NP-hard
• Identifying an event-topology is a "combinatorial problem". 

- One needs to assign observed particles into the decay of some particle.

even though we restricted "resonance" ( ) scenario, 
there are  event-topologies.

A
𝒪(6000)

⋯

• Considering "missing energy (invisible particles)" are  
rather difficult due to "undetermined" number of invisible particles. 
- From now on, I will focus on reconstructible events (no MET)



Our examples (multi-jets)

1. Under the a simple assumption:  
(No prejudices on  and  )


2. Find a right combination to reconstruct  and  particles.

pp → X, Y → {jx} ∪ {jy}
X Y

X Y



pp → tt̄ → {jb, (W → jj)} ∪ {jb, (W → jj)}

• Standard example of six jets

(when A and B have same mass)

 cases, 

no special assignment 

for b-jet

26 = 64

• Right answer is (nA, nB) = (3,3)

B

(reconstructed) particle 

?
A



pp → ZH → {j, j} ∪ {(W → jj), (W* → jj)}

• Different mother particles

A B

(reconstructed) particle 

?

• Right answer is (nA, nB) = (2,4)

 cases, 

no prior knowledge on 

A and B masses

26 = 64



pp → oõ → {t, t̄} ∪ {t, t̄}

o → tt̄ → {jb, (W → jj)} ∪ {jb, (W → jj)}
õ → tt̄ → {jb, (W → jj)} ∪ {jb, (W → jj)}

• Complicate situation ( 12 jets)

A B

(reconstructed) particle 

?
 cases, 


no prior knowledge on 
a decay-structure

212 = 4096



pp → oõ → {t, t̄} ∪ {t, t̄}

o → tt̄ → {jb, (W → jj)} ∪ {jb, (W → jj)}
õ → tt̄ → {jb, (W → jj)} ∪ {jb, (W → jj)}

• Complicate situation ( 12 jets)

A B

(reconstructed) particle 

?
 cases, 


no prior knowledge on 
a decay-structure

212 = 4096

Combinatorial explosion will o
ccur !



An algorithm ?
• With the only assumption of  process 

 
- No special treatment on any flavor-tagged particle 
 
- No assumption on masses,  and  
 
- No assumption on any decaying structure


• What could be a good guide line ? 
- BTW, have been any works on this subject? 

2 → (2 → n)

MA MB



A Classic algorithm
• Hemisphere method: a seed-based method

A particle with  
highest  pT

A particle with  
largest  with a seedpΔR

With a proper metric ,  
decide which hemisphere 

it belongs

d

CMS hemisphere TDR,  
Shigeki Matsumoto, Mihoko M Nojiri, and Daisuke Nomura (2006)


• Divide multi-jets into two categories, (e.g.  )pp → g̃, g̃



Non-geometric algorithm
P1

P2

• Try to minimize the mass difference H = (M2
A − M2

B)2

•  process:  
Using a binary operation  
 
For  to be either  
in   ( ) or  in  ( )

2 → 2 {pi} → P1 ∪ P2
xi ∈ {0,1}

pi
P1 xi = 1 P2 xi = 0

H = (P2
1 − P2

2)2 = (M2
A − M2

B)2

 ,  P1 = ∑
i

pixi P2 = ∑
i

pi (1 − xi)



How can we deal with the case of 
 ?MA ≠ MB

•  case can come from  
 
1) Different particle, namely  (e.g. ) 
 
2) Non-negligible width of  and   
 
3) Non-negligible smearing effects (mostly from jet)  
    (e.g. )

MA ≠ MB

A ≠ B pp → HZ

A B

pp → õõ → 12j

• We can apply ML regularization method  (penalty term)

H = (P2
1 − P2

2)2 → (P2
1 − P2

2)2 + λ(P2
1 + P2

2)
Calculate this "energy function" through all combinatorics!



Minimization using Ising model

• If we replace  with  

 
  

 

 

 
here  and  are functions of four-vectors.

xi ∈ {1,0} →
1 + si

2
si ∈ {+1, − 1}

H = (P2
1 − P2

2)2 → H + λ (P2
1 + P2

2)

= ∑
i,j

(Cij + 2λSij) sisj + ∑
i

Ji − 2λ∑
j

Sij si

Cij Sij



"Classic" minimization method 
(for Ising hamiltonian)

• Go to the next spin state   
1) If  : go to the lower energy  

2) If  , go with a probability of  to jump out

sn → sn+1
En > En+1

En < En+1 e− En+1 − En
kB T

local minimum
global minimum

(With large , SA can jump out local minimum. Gradually we decrease )T T

Simulated annealing



But our "mindless" 
=minimally assumed Collider example 

is not so easy  
for a classical algorithm to minimize



Combinatorial complexity arises 
(in a random Ising model)

↑ ↑ ↑ ↑ ↑ ↑ → ↑ ↑ ↑ ↑ ↑ ↓ → ⋯ → ↓ ↓ ↓ ↓ ↓ ↓ (nspin = 212 = 4096)

Landscape of energy distribution

Simulated Annealing cannot jump this random potential!



Any solution ?



The Quantum thing...
• In the undergraduate QM lecture, we learned / teach

• Transmission coefficient  T ∝ e−2L 2mΔE

1) The effect of energy difference  becomes mild 
 
2) Effective for shallow barrier  ! 

ΔE

L



• If there is a machine which can realize Quantum tunneling,  
 
our problem is a simple and good example  
to demonstrate an advantage from  Quantum tunneling



Quantum Computer
• Gate type : IBM just announced 433 qubit QPU. 

(using entanglement, superposition) 
 
Quantum annealer: over 5000 qubits (Here)

Temperature: below   
dimension:  
Weight:  
Power: (max) 

1.5 × 10−2K
3m × 2.1m × 3m

3800kg
25kW

D-wave

currently 433 Qubits (IBM Osprey) Quantum Annealer



Quantum Annealing method
• With , one can "mimic" the High Temperature in SA. 

(disorder spin state, linear combination of all states)
H0

(T. Kadowaki and H. Nishimori, Quantum annealing in the transverse Ising model, 1998)

HQA = A(s) H0 + B(s) HQUBO with  and H0 = ∑ σx
i HQUBO = ∑ Jijσz

i σz
j + ∑ hiσz

i



(small) Quantum advantage
• QA v.s. Brute-force scanning:  

The required time (mostly preparation time )  
of QA machine:  
The complete scanning with  input takes 

TQUBO
TQUBO = 𝒪(n2)

n 𝒪(2n)

tim
e

number of particles



(big) Quantum advantage

• QA v.s. SA

Percentage to get a global minimum energy state  
(does not guarantee a true combinatorial assignment)



results

• Madgraph  Pythia (ISR/FSR/MPI turned off)  Fast Detector → →

* a to c: brute force scanning for  to check the fidelity of our algorithm 
For d, we use D-Wave computer (expensive...)

HQUBO



results

• Madgraph  Pythia (ISR/FSR/MPI turned ON)  Fast Detector → →

(As we give a priority to hardest jets,  
effect of hard ISR is emerging in the high energy scale,  

here )2mõ = 1.2TeV



Sequential algorithm

• For 12 hard-jets production,  
it would be worthy if we can  
check whether this is four-tops 
events or not !

?



pp → A, B A → A1, A2

• We can "guess" that   as their mass and number 
of children are identical to the case of a top-quark. 

Ai = t(t̄ )



Bench mark?
• There are not many studies on identifying event-topology. 

(as far as I have searched... if I missed, plz let me know) 
• Hemisphere method: seed-based algorithm  

(our algorithm is seedless one)

(Parton-level analysis with detector cuts)



• Performance of an algorithm based on "seed"  
becomes weak when particles are not boosted enough to 
develop structures. 

• Lorentz boost factor   (for A=B case)γA =
EA

MA
=

MAB

2MA



Next step
• I presented a simple quantum annealing method for clustering 

reconstructed particles.


• Gate-based QC can be used via a variational algorithm.  


• We are applying Gate-based QC to this clustering problem.



Good part of Gate-Quantum Computing 
• At the early stage of Machine Learning

classical ML Kernel Method
• Kernel method can help to 

separate "non-linearly" 
distributed inputs linearly!

1) Mapping input data to an 
exponentially  
large Quantum Hilbert Space. 
 
2) Big memory computing

Quantum kernel function
•  qubits have  data space (qubit = spinor)N 2N

Bloch sphere



• As a desperate seeker, we have tried to take advantages 
of new computing methods, ML, QC, QML. 


• In this talk, I presented a bottom-up collider algorithm 
to identify a new physics from a signal (if we can have)


• There could be many examples to demonstrate  
Quantum Supremacy in the field of HEP.


• Stay tuned... 

Conclusion



Back up



Effect of additional constraints

• For different mother particle cases: pp → HZ

H = (P2
1 − P2

2)2 → H + λ (P2
1 + P2

2)

H = (P2
1 − P2

2)2 H → H + λ (P2
1 + P2

2)



Effect of additional constraints
H = (P2

1 − P2
2)2 → H + λ (P2

1 + P2
2)

H → H + λ (P2
1 + P2

2)H = (P2
1 − P2

2)2

• Check smearing effects : pp → õõ → tt̄tt̄


