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Motivation
Big Questions
• Origin of generations & role of flavor
• CP violation & baryon asymmetry
Not addressed by Standard Model; need "New Physics" (NP)
Both Questions necessarily involve 3 generations → heavy quarks

Where to look for NP?
• Direct searches at Energy Frontier ➔ stringent limits
• Indirect: SM anomalies, *hints* in B decay

– e.g. lepton universality: tension

(≈3.9 𝜎); (1.5-3.1 𝜎)

Belle II will probe New Physics (NP) at the multi-TeV scale: B, c, 𝜏
• Precision Standard Model measurements & challenges (multiprong)

– Unitarity of CKM matrix → CP asymmetries, rare decays 
– lepton universality

• dark particles via missing energy

<latexit sha1_base64="fT2JhU3AtHAwyQ+qd8UDEsvlSu0="></latexit>

R(D(⇤)) ⌘ (B ! D̄(⇤)⌧+⌫)

(B ! D̄(⇤)`+⌫)

<latexit sha1_base64="Tukkc6WOH/RY3n+3x3Uj8y6N8hU="></latexit>

R(K(⇤)) ⌘ B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)
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Belle II: rich Physics program (not only NP)
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Belle II @ SuperKEKB: e+e– →ϒ(4S) (primarily)

continuum

↑
¡(4S)

BqB̄q

Bq = {B0
d, B+

u }

• Complete annihilation ⇒ event CMS = e+e– CMS 
• Near-threshold @ ϒ(4S): exclusive B-pair events
• “Hermetic” detector captures (almost) every detectable particle

=> “neutrals reconstruction” {KL, n, 𝜈, dark matter}
• Average multiplicity (chg+neutral) ~15-20 

e+e� ! �⇤ ! hadrons

{bb̄}
Upsilon region 

9-12 GeV

2MB

p
s = 10.579 GeV

<latexit sha1_base64="aBmAFmLn+GCW5LGUf0B+UurR0wA=">AAACA3icdZC7SgNBFIbPxluMtzV22gwGwSrsCpqkEAIWWkYwF8guYXYySYbMXpyZFcKyYJNXsbFQxNZXsLDzbZxcFBX9YeDw/edw5vxexJlUlvVuZBYWl5ZXsqu5tfWNzS1zO9+QYSwIrZOQh6LlYUk5C2hdMcVpKxIU+x6nTW94NvGbN1RIFgZXahRR18f9gPUYwUqjjrnryGuhEpme2lbxuFRxUOIIH53TRtoxCxpZduXERlbRmgp9EXtOCtX86xgBQK1jvjndkMQ+DRThWMq2bUXKTbBQjHCa5pxY0giTIe7Tti4D7FPpJtMbUnSgSRf1QqFfoNCUfp9IsC/lyPd0p4/VQP72JvAvrx2rXtlNWBDFigZktqgXc6RCNAkEdZmgRPGRLjARTP8VkQEWmCgdW06H8Hkp+r9oHBV1fPalTqMMM2VhD/bhEGwoQRUuoAZ1IHALd/AAj8bYuDeejOdZa8aYz+zADxkvH7kVmGU=</latexit><latexit sha1_base64="tMaLu64xGV0JSfaLT3hbn9F1dvg=">AAACA3icdZDJSgNBEIZ73BLjFuNNL41B8BRmFE1yEAIe9BjBLJAZQk+nJ2nSs9hdI4Qh4CWv4sWDC159BQ/efBs7i6KiPzQU319Fdf1uJLgC03w35uYXFpdS6eXMyura+kZ2M1dXYSwpq9FQhLLpEsUED1gNOAjWjCQjvitYw+2fjv3GNZOKh8ElDCLm+KQbcI9TAhq1s9u2upKQqOGJZRaOimUbJ7b08RmrD9vZvEamVT62sFkwJ8JfxJqRfCX3Ojp8TEG1nX2zOyGNfRYAFUSplmVG4CREAqeCDTN2rFhEaJ90WUuXAfGZcpLJDUO8p0kHe6HULwA8od8nEuIrNfBd3ekT6Knf3hj+5bVi8EpOwoMoBhbQ6SIvFhhCPA4Ed7hkFMRAF4RKrv+KaY9IQkHHltEhfF6K/y/qBwUdn3Wh0yihqdJoB+2ifWShIqqgc1RFNUTRDbpF9+jBGBl3xpPxPG2dM2YzW+iHjJcPY8CZpA==</latexit><latexit sha1_base64="tMaLu64xGV0JSfaLT3hbn9F1dvg=">AAACA3icdZDJSgNBEIZ73BLjFuNNL41B8BRmFE1yEAIe9BjBLJAZQk+nJ2nSs9hdI4Qh4CWv4sWDC159BQ/efBs7i6KiPzQU319Fdf1uJLgC03w35uYXFpdS6eXMyura+kZ2M1dXYSwpq9FQhLLpEsUED1gNOAjWjCQjvitYw+2fjv3GNZOKh8ElDCLm+KQbcI9TAhq1s9u2upKQqOGJZRaOimUbJ7b08RmrD9vZvEamVT62sFkwJ8JfxJqRfCX3Ojp8TEG1nX2zOyGNfRYAFUSplmVG4CREAqeCDTN2rFhEaJ90WUuXAfGZcpLJDUO8p0kHe6HULwA8od8nEuIrNfBd3ekT6Knf3hj+5bVi8EpOwoMoBhbQ6SIvFhhCPA4Ed7hkFMRAF4RKrv+KaY9IQkHHltEhfF6K/y/qBwUdn3Wh0yihqdJoB+2ifWShIqqgc1RFNUTRDbpF9+jBGBl3xpPxPG2dM2YzW+iHjJcPY8CZpA==</latexit><latexit sha1_base64="zcNLYaeaRGv51zKqeRxWfCSnaFY=">AAACA3icdZDLSgMxFIYzXmu9jbrTTbAIrkpG0LYLoeBClxXsBTpDyaSZNjSTGZOMUIYBN76KGxeKuPUl3Pk2pu0oKvpD4PD953Byfj/mTGmE3q25+YXFpeXCSnF1bX1j097abqkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH51N/PYNlYpF4kqPY+qFeCBYwAjWBvXsXVddS52q7NRB5eNKzYWpK0N4TltZzy4ZhJzaiQNRGU0Fv4iTkxLI1ejZb24/IklIhSYcK9V1UKy9FEvNCKdZ0U0UjTEZ4QHtmlLgkCovnd6QwQND+jCIpHlCwyn9PpHiUKlx6JvOEOuh+u1N4F9eN9FB1UuZiBNNBZktChIOdQQngcA+k5RoPjYFJpKZv0IyxBITbWIrmhA+L4X/F62jsonPuUSlejWPowD2wD44BA6ogDq4AA3QBATcgnvwCJ6sO+vBerZeZq1zVj6zA37Iev0AVOiWoA==</latexit>
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Event environment

p
s = 10.579 GeV

<latexit sha1_base64="aBmAFmLn+GCW5LGUf0B+UurR0wA=">AAACA3icdZC7SgNBFIbPxluMtzV22gwGwSrsCpqkEAIWWkYwF8guYXYySYbMXpyZFcKyYJNXsbFQxNZXsLDzbZxcFBX9YeDw/edw5vxexJlUlvVuZBYWl5ZXsqu5tfWNzS1zO9+QYSwIrZOQh6LlYUk5C2hdMcVpKxIU+x6nTW94NvGbN1RIFgZXahRR18f9gPUYwUqjjrnryGuhEpme2lbxuFRxUOIIH53TRtoxCxpZduXERlbRmgp9EXtOCtX86xgBQK1jvjndkMQ+DRThWMq2bUXKTbBQjHCa5pxY0giTIe7Tti4D7FPpJtMbUnSgSRf1QqFfoNCUfp9IsC/lyPd0p4/VQP72JvAvrx2rXtlNWBDFigZktqgXc6RCNAkEdZmgRPGRLjARTP8VkQEWmCgdW06H8Hkp+r9oHBV1fPalTqMMM2VhD/bhEGwoQRUuoAZ1IHALd/AAj8bYuDeejOdZa8aYz+zADxkvH7kVmGU=</latexit><latexit sha1_base64="tMaLu64xGV0JSfaLT3hbn9F1dvg=">AAACA3icdZDJSgNBEIZ73BLjFuNNL41B8BRmFE1yEAIe9BjBLJAZQk+nJ2nSs9hdI4Qh4CWv4sWDC159BQ/efBs7i6KiPzQU319Fdf1uJLgC03w35uYXFpdS6eXMyura+kZ2M1dXYSwpq9FQhLLpEsUED1gNOAjWjCQjvitYw+2fjv3GNZOKh8ElDCLm+KQbcI9TAhq1s9u2upKQqOGJZRaOimUbJ7b08RmrD9vZvEamVT62sFkwJ8JfxJqRfCX3Ojp8TEG1nX2zOyGNfRYAFUSplmVG4CREAqeCDTN2rFhEaJ90WUuXAfGZcpLJDUO8p0kHe6HULwA8od8nEuIrNfBd3ekT6Knf3hj+5bVi8EpOwoMoBhbQ6SIvFhhCPA4Ed7hkFMRAF4RKrv+KaY9IQkHHltEhfF6K/y/qBwUdn3Wh0yihqdJoB+2ifWShIqqgc1RFNUTRDbpF9+jBGBl3xpPxPG2dM2YzW+iHjJcPY8CZpA==</latexit><latexit sha1_base64="tMaLu64xGV0JSfaLT3hbn9F1dvg=">AAACA3icdZDJSgNBEIZ73BLjFuNNL41B8BRmFE1yEAIe9BjBLJAZQk+nJ2nSs9hdI4Qh4CWv4sWDC159BQ/efBs7i6KiPzQU319Fdf1uJLgC03w35uYXFpdS6eXMyura+kZ2M1dXYSwpq9FQhLLpEsUED1gNOAjWjCQjvitYw+2fjv3GNZOKh8ElDCLm+KQbcI9TAhq1s9u2upKQqOGJZRaOimUbJ7b08RmrD9vZvEamVT62sFkwJ8JfxJqRfCX3Ojp8TEG1nX2zOyGNfRYAFUSplmVG4CREAqeCDTN2rFhEaJ90WUuXAfGZcpLJDUO8p0kHe6HULwA8od8nEuIrNfBd3ekT6Knf3hj+5bVi8EpOwoMoBhbQ6SIvFhhCPA4Ed7hkFMRAF4RKrv+KaY9IQkHHltEhfF6K/y/qBwUdn3Wh0yihqdJoB+2ifWShIqqgc1RFNUTRDbpF9+jBGBl3xpPxPG2dM2YzW+iHjJcPY8CZpA==</latexit><latexit sha1_base64="zcNLYaeaRGv51zKqeRxWfCSnaFY=">AAACA3icdZDLSgMxFIYzXmu9jbrTTbAIrkpG0LYLoeBClxXsBTpDyaSZNjSTGZOMUIYBN76KGxeKuPUl3Pk2pu0oKvpD4PD953Byfj/mTGmE3q25+YXFpeXCSnF1bX1j097abqkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH51N/PYNlYpF4kqPY+qFeCBYwAjWBvXsXVddS52q7NRB5eNKzYWpK0N4TltZzy4ZhJzaiQNRGU0Fv4iTkxLI1ejZb24/IklIhSYcK9V1UKy9FEvNCKdZ0U0UjTEZ4QHtmlLgkCovnd6QwQND+jCIpHlCwyn9PpHiUKlx6JvOEOuh+u1N4F9eN9FB1UuZiBNNBZktChIOdQQngcA+k5RoPjYFJpKZv0IyxBITbWIrmhA+L4X/F62jsonPuUSlejWPowD2wD44BA6ogDq4AA3QBATcgnvwCJ6sO+vBerZeZq1zVj6zA37Iev0AVOiWoA==</latexit>

SuperKEKB beams are asymmetric (7 Gev e–/4 GeV e+):
produces 𝛶(4S) ≈1 nb

7.0 GeV e– 4.0 GeV e+

v ≈ 0.27 c
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Event environment

Slow: pB≈0.33 GeV/c in CMS

In lab frame each B travels <β𝛾c𝜏>≈130 µm in direction of CMS

e+e� ! ⌥(4S) ! BB̄
<latexit sha1_base64="WiIECNAJhjoPteXxn4A25z3S1p8="></latexit><latexit sha1_base64="Ij/+J7vriSqQJ2gzGcu5JGtzrb8="></latexit><latexit sha1_base64="Ij/+J7vriSqQJ2gzGcu5JGtzrb8="></latexit><latexit sha1_base64="/keqhLzcya1rfh0vwCJPjtNrfhU=">AAACEnicdZDLSgMxFIYzXmu9VV26CRahRSwZ8VJ3pW5cVrQX6LQlk55qMJMZkoxQhj6DG1/FjQtF3Lpy59uYXhQVPRD4+c45nPy/HwmuDSHvztT0zOzcfGohvbi0vLKaWVuv6TBWDKosFKFq+FSD4BKqhhsBjUgBDXwBdf/6ZNiv34DSPJQXph9BK6CXkvc4o8aiTiYP7R1o72LPhNirRpqLUOb2E08F+HyQH+Gy51OFy51MlhQOiHt86GJSIKPCX8SdkCyaVKWTefO6IYsDkIYJqnXTJZFpJVQZzgQM0l6sIaLsml5C00pJA9CtZGRpgLct6eJeqOyTBo/o942EBlr3A99OBtRc6d+9Ifyr14xNr9hKuIxiA5KND/Viga3RYT64yxUwI/pWUKa4/StmV1RRZmyKaRvCp1P8v6jtFVxScM9ItlScxJFCm2gL5ZCLjlAJnaIKqiKGbtE9ekRPzp3z4Dw7L+PRKWeys4F+lPP6ATywm+U=</latexit>p
s = 10.579 GeV

<latexit sha1_base64="aBmAFmLn+GCW5LGUf0B+UurR0wA=">AAACA3icdZC7SgNBFIbPxluMtzV22gwGwSrsCpqkEAIWWkYwF8guYXYySYbMXpyZFcKyYJNXsbFQxNZXsLDzbZxcFBX9YeDw/edw5vxexJlUlvVuZBYWl5ZXsqu5tfWNzS1zO9+QYSwIrZOQh6LlYUk5C2hdMcVpKxIU+x6nTW94NvGbN1RIFgZXahRR18f9gPUYwUqjjrnryGuhEpme2lbxuFRxUOIIH53TRtoxCxpZduXERlbRmgp9EXtOCtX86xgBQK1jvjndkMQ+DRThWMq2bUXKTbBQjHCa5pxY0giTIe7Tti4D7FPpJtMbUnSgSRf1QqFfoNCUfp9IsC/lyPd0p4/VQP72JvAvrx2rXtlNWBDFigZktqgXc6RCNAkEdZmgRPGRLjARTP8VkQEWmCgdW06H8Hkp+r9oHBV1fPalTqMMM2VhD/bhEGwoQRUuoAZ1IHALd/AAj8bYuDeejOdZa8aYz+zADxkvH7kVmGU=</latexit><latexit sha1_base64="tMaLu64xGV0JSfaLT3hbn9F1dvg=">AAACA3icdZDJSgNBEIZ73BLjFuNNL41B8BRmFE1yEAIe9BjBLJAZQk+nJ2nSs9hdI4Qh4CWv4sWDC159BQ/efBs7i6KiPzQU319Fdf1uJLgC03w35uYXFpdS6eXMyura+kZ2M1dXYSwpq9FQhLLpEsUED1gNOAjWjCQjvitYw+2fjv3GNZOKh8ElDCLm+KQbcI9TAhq1s9u2upKQqOGJZRaOimUbJ7b08RmrD9vZvEamVT62sFkwJ8JfxJqRfCX3Ojp8TEG1nX2zOyGNfRYAFUSplmVG4CREAqeCDTN2rFhEaJ90WUuXAfGZcpLJDUO8p0kHe6HULwA8od8nEuIrNfBd3ekT6Knf3hj+5bVi8EpOwoMoBhbQ6SIvFhhCPA4Ed7hkFMRAF4RKrv+KaY9IQkHHltEhfF6K/y/qBwUdn3Wh0yihqdJoB+2ifWShIqqgc1RFNUTRDbpF9+jBGBl3xpPxPG2dM2YzW+iHjJcPY8CZpA==</latexit><latexit sha1_base64="tMaLu64xGV0JSfaLT3hbn9F1dvg=">AAACA3icdZDJSgNBEIZ73BLjFuNNL41B8BRmFE1yEAIe9BjBLJAZQk+nJ2nSs9hdI4Qh4CWv4sWDC159BQ/efBs7i6KiPzQU319Fdf1uJLgC03w35uYXFpdS6eXMyura+kZ2M1dXYSwpq9FQhLLpEsUED1gNOAjWjCQjvitYw+2fjv3GNZOKh8ElDCLm+KQbcI9TAhq1s9u2upKQqOGJZRaOimUbJ7b08RmrD9vZvEamVT62sFkwJ8JfxJqRfCX3Ojp8TEG1nX2zOyGNfRYAFUSplmVG4CREAqeCDTN2rFhEaJ90WUuXAfGZcpLJDUO8p0kHe6HULwA8od8nEuIrNfBd3ekT6Knf3hj+5bVi8EpOwoMoBhbQ6SIvFhhCPA4Ed7hkFMRAF4RKrv+KaY9IQkHHltEhfF6K/y/qBwUdn3Wh0yihqdJoB+2ifWShIqqgc1RFNUTRDbpF9+jBGBl3xpPxPG2dM2YzW+iHjJcPY8CZpA==</latexit><latexit sha1_base64="zcNLYaeaRGv51zKqeRxWfCSnaFY=">AAACA3icdZDLSgMxFIYzXmu9jbrTTbAIrkpG0LYLoeBClxXsBTpDyaSZNjSTGZOMUIYBN76KGxeKuPUl3Pk2pu0oKvpD4PD953Byfj/mTGmE3q25+YXFpeXCSnF1bX1j097abqkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH51N/PYNlYpF4kqPY+qFeCBYwAjWBvXsXVddS52q7NRB5eNKzYWpK0N4TltZzy4ZhJzaiQNRGU0Fv4iTkxLI1ejZb24/IklIhSYcK9V1UKy9FEvNCKdZ0U0UjTEZ4QHtmlLgkCovnd6QwQND+jCIpHlCwyn9PpHiUKlx6JvOEOuh+u1N4F9eN9FB1UuZiBNNBZktChIOdQQngcA+k5RoPjYFJpKZv0IyxBITbWIrmhA+L4X/F62jsonPuUSlejWPowD2wD44BA6ogDq4AA3QBATcgnvwCJ6sO+vBerZeZq1zVj6zA37Iev0AVOiWoA==</latexit>

In lab frame
B̄

<latexit sha1_base64="LiElEu0mLdXSqp1PPkBm9tZ/yas=">AAAB7XicdZDLSgMxFIbPeK31VnXpJlgEVyXpwk5XFt24rGIv0A4lk2ba2MyFJCOU0ndw40IRt76CKx/CnW9jplVQ0R8CH/9/Djnn+IkU2mD87iwsLi2vrObW8usbm1vbhZ3dpo5TxXiDxTJWbZ9qLkXEG0YYyduJ4jT0JW/5o7Msb91wpUUcXZlxwr2QDiIRCEaNtZpdnyp02isUcQljTAhBGZDKMbZQrbpl4iKSRVbFk9eXS7Cq9wpv3X7M0pBHhkmqdYfgxHgTqoxgkk/z3VTzhLIRHfCOxYiGXHuT2bRTdGidPgpiZV9k0Mz93jGhodbj0LeVITVD/TvLzL+yTmoC15uIKEkNj9j8oyCVyMQoWx31heLMyLEFypSwsyI2pIoyYw+Ut0f42hT9D81yieASucDFmgtz5WAfDuAICFSgBudQhwYwuIZbuIcHJ3bunEfnaV664Hz27MEPOc8f6haQ2A==</latexit><latexit sha1_base64="sIc8x+AgNsTnrrEYSS+Jc03sd/4=">AAAB7XicdZDLSgMxFIYz9VbrrepSkGARXJXEhZ2uLLpx2YK9QFtKJs20sZnMkGSEMnTp3o0LRdz6Cl35EO58Bl/CTKugoj8EPv7/HHLO8SLBtUHozcksLC4tr2RXc2vrG5tb+e2dhg5jRVmdhiJULY9oJrhkdcONYK1IMRJ4gjW90XmaN6+Z0jyUl2YcsW5ABpL7nBJjrUbHIwqe9fIFVEQIYYxhCrh0giyUy+4xdiFOI6vC6cu09n6zP6328q+dfkjjgElDBdG6jVFkuglRhlPBJrlOrFlE6IgMWNuiJAHT3WQ27QQeWqcP/VDZJw2cud87EhJoPQ48WxkQM9S/s9T8K2vHxne7CZdRbJik84/8WEATwnR12OeKUSPGFghV3M4K6ZAoQo09UM4e4WtT+D80josYFXENFSoumCsL9sABOAIYlEAFXIAqqAMKrsAtuAcPTujcOY/O07w043z27IIfcp4/APQRkx0=</latexit><latexit sha1_base64="sIc8x+AgNsTnrrEYSS+Jc03sd/4=">AAAB7XicdZDLSgMxFIYz9VbrrepSkGARXJXEhZ2uLLpx2YK9QFtKJs20sZnMkGSEMnTp3o0LRdz6Cl35EO58Bl/CTKugoj8EPv7/HHLO8SLBtUHozcksLC4tr2RXc2vrG5tb+e2dhg5jRVmdhiJULY9oJrhkdcONYK1IMRJ4gjW90XmaN6+Z0jyUl2YcsW5ABpL7nBJjrUbHIwqe9fIFVEQIYYxhCrh0giyUy+4xdiFOI6vC6cu09n6zP6328q+dfkjjgElDBdG6jVFkuglRhlPBJrlOrFlE6IgMWNuiJAHT3WQ27QQeWqcP/VDZJw2cud87EhJoPQ48WxkQM9S/s9T8K2vHxne7CZdRbJik84/8WEATwnR12OeKUSPGFghV3M4K6ZAoQo09UM4e4WtT+D80josYFXENFSoumCsL9sABOAIYlEAFXIAqqAMKrsAtuAcPTujcOY/O07w043z27IIfcp4/APQRkx0=</latexit><latexit sha1_base64="sc/Z+y7SVF0YiVhM8yPnCpH7aJE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkkXdrorunFZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YaSuo6IELh3Pu5d57wkRwYxH68Apr6xubW8Xt0s7u3v5B+fCoY1SqKWtTJZTuhcQwwSVrW24F6yWakTgUrBtOr3K/e8+04Ure2lnCgpiMJY84JdZJnUFINLwcliuoihDCGMOc4PoFcqTR8GvYhzi3HCpghdaw/D4YKZrGTFoqiDF9jBIbZERbTgWblwapYQmhUzJmfUcliZkJssW1c3jmlBGMlHYlLVyo3ycyEhszi0PXGRM7Mb+9XPzL66c28oOMyyS1TNLloigV0CqYvw5HXDNqxcwRQjV3t0I6IZpQ6wIquRC+PoX/k06tilEV36BK01/FUQQn4BScAwzqoAmuQQu0AQV34AE8gWdPeY/ei/e6bC14q5lj8APe2ycrmI7R</latexit>

B
<latexit sha1_base64="mrEl/6Bmna5CBPrjU6DAv5887W0=">AAAB6HicdZDLSgMxFIbP1Futt6pLN8EiuBoytbR1ZdGNy1ZsK7RDyaRpG5u5kGSEMvQJ3LhQxK1P4cqHcOfbmGkVVPSHwM/3n0POOV4kuNIYv1uZhcWl5ZXsam5tfWNzK7+901JhLClr0lCE8sojigkesKbmWrCrSDLie4K1vfFZmrdvmFQ8DC71JGKuT4YBH3BKtEGN016+gO3jarlYKiNsY1xxik5qipXSUQk5hqQqnLy+XIBRvZd/6/ZDGvss0FQQpToOjrSbEKk5FWya68aKRYSOyZB1jA2Iz5SbzAadogND+mgQSvMCjWb0e0dCfKUmvmcqfaJH6neWwr+yTqwHVTfhQRRrFtD5R4NYIB2idGvU55JRLSbGECq5mRXREZGEanObnDnC16bof9Mq2g62nQYu1KowVxb2YB8OwYEK1OAc6tAECgxu4R4erGvrznq0nualGeuzZxd+yHr+AK67jwE=</latexit><latexit sha1_base64="YoNEkR18DeOyeAOxLpz+jAvnDwY=">AAAB6HicdZDLSgMxFIYz9VbrrepSkGARXA2ZsbR1ZdGNyxbsBdqhZNJMG5u5kGSEMnTpyo0LRdz6FF35EO58Bl/CTKugoj8Efr7/HHLOcSPOpELozcgsLC4tr2RXc2vrG5tb+e2dpgxjQWiDhDwUbRdLyllAG4opTtuRoNh3OW25o/M0b11TIVkYXKpxRB0fDwLmMYKVRvWzXr6AzJNKyS6WIDIRKlu2lRq7XDwuQkuTVIXTl2n9/WZ/WuvlX7v9kMQ+DRThWMqOhSLlJFgoRjid5LqxpBEmIzygHW0D7FPpJLNBJ/BQkz70QqFfoOCMfu9IsC/l2Hd1pY/VUP7OUvhX1omVV3ESFkSxogGZf+TFHKoQplvDPhOUKD7WBhPB9KyQDLHAROnb5PQRvjaF/5umbVrItOqoUK2AubJgDxyAI2CBMqiCC1ADDUAABbfgHjwYV8ad8Wg8zUszxmfPLvgh4/kDuLaRRg==</latexit><latexit sha1_base64="YoNEkR18DeOyeAOxLpz+jAvnDwY=">AAAB6HicdZDLSgMxFIYz9VbrrepSkGARXA2ZsbR1ZdGNyxbsBdqhZNJMG5u5kGSEMnTpyo0LRdz6FF35EO58Bl/CTKugoj8Efr7/HHLOcSPOpELozcgsLC4tr2RXc2vrG5tb+e2dpgxjQWiDhDwUbRdLyllAG4opTtuRoNh3OW25o/M0b11TIVkYXKpxRB0fDwLmMYKVRvWzXr6AzJNKyS6WIDIRKlu2lRq7XDwuQkuTVIXTl2n9/WZ/WuvlX7v9kMQ+DRThWMqOhSLlJFgoRjid5LqxpBEmIzygHW0D7FPpJLNBJ/BQkz70QqFfoOCMfu9IsC/l2Hd1pY/VUP7OUvhX1omVV3ESFkSxogGZf+TFHKoQplvDPhOUKD7WBhPB9KyQDLHAROnb5PQRvjaF/5umbVrItOqoUK2AubJgDxyAI2CBMqiCC1ADDUAABbfgHjwYV8ad8Wg8zUszxmfPLvgh4/kDuLaRRg==</latexit><latexit sha1_base64="vFVwwqzkwUqnWrqph+zjB4RVC6U=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNIYm3oBePCZgHJEuYncwmY2YfzMwKYckXePGgiFc/yZt/42wSQUULGoqqbrq7vFhwpTH+sHJr6xubW/ntws7u3v5B8fCoo6JEUtamkYhkzyOKCR6ytuZasF4sGQk8wbre9Drzu/dMKh6Ft3oWMzcg45D7nBJtpNbVsFjC9mW9Wq5UEbYxrjllJyPlWuWighyjZCjBCs1h8X0wimgSsFBTQZTqOzjWbkqk5lSweWGQKBYTOiVj1jc0JAFTbro4dI7OjDJCfiRNhRot1O8TKQmUmgWe6QyInqjfXib+5fUT7dfdlIdxollIl4v8RCAdoexrNOKSUS1mhhAqubkV0QmRhGqTTcGE8PUp+p90yraDbaeFS436Ko48nMApnIMDNWjADTShDRQYPMATPFt31qP1Yr0uW3PWauYYfsB6+wTwLoz6</latexit>
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Event environment

! ⇡±/K±/p/p̄
<latexit sha1_base64="ug+Pww9pqNpbJYN/+2eUezgC3Fo=">AAACA3icdVDLSgMxFL3js9ZX1Y3oJlgEV9MZQa27ghvBTQX7gM5YMmnahmZmQpIRaim48VfcuFDErT/hTvBjTKdVVPRAwuGce0nOCQRnSjvOmzU1PTM7N59ZyC4uLa+s5tbWqypOJKEVEvNY1gOsKGcRrWimOa0LSXEYcFoLeicjv3ZFpWJxdKH7gvoh7kSszQjWRmrmtjwdI0+wS0+EhbP0FgUvwBKJZi7v2AeOe3zoIsd2UqAvxZ0o+dLm9TsYlJu5V68VkySkkSYcK9VwHaH9AZaaEU6HWS9RVGDSwx3aMDTCIVX+IM0wRLtGaaF2LM2JNErV7xsDHCrVDwMzGWLdVb+9kfiX10h0u+gPWCQSTSMyfqidcGRyjwpBLSYp0bxvCCaSmb8i0sUSE21qy5oSPpOi/0l133Yd2z03bRRhjAxsww7sgQtHUIJTKEMFCNzAHTzAo3Vr3VtP1vN4dMqa7GzAD1gvHyGKmKY=</latexit><latexit sha1_base64="ypMJjzENbWz4nbOQDFwhKY7lrcM=">AAACA3icdVBLSwMxGMz6bOtr1YvoJVgET9tdQa23ohfBSwX7gO5asmm2Dc3uhiQr1FLoxb/ixYNSvPonvAn+GNNtFRUdSBhmvo9kxueMSmXbb8bM7Nz8wmImm1taXlldM9c3qjJOBCYVHLNY1H0kCaMRqSiqGKlzQVDoM1Lzu2djv3ZDhKRxdKV6nHghakc0oBgpLTXNbVfF0OX02uVh4SK9ecH1kYC8aeZt69B2To4caFt2CvilOFMlX9q6fc8OR6flpvnqtmKchCRSmCEpG47NlddHQlHMyCDnJpJwhLuoTRqaRigk0uunGQZwTystGMRCn0jBVP2+0UehlL3Q15MhUh352xuLf3mNRAVFr08jnigS4clDQcKgzj0uBLaoIFixniYIC6r/CnEHCYSVri2nS/hMCv8n1QPLsS3nUrdRBBNkwA7YBfvAAcegBM5BGVQABkNwDx7Bk3FnPBgj43kyOmNMdzbBDxgvHx72miM=</latexit><latexit sha1_base64="ypMJjzENbWz4nbOQDFwhKY7lrcM=">AAACA3icdVBLSwMxGMz6bOtr1YvoJVgET9tdQa23ohfBSwX7gO5asmm2Dc3uhiQr1FLoxb/ixYNSvPonvAn+GNNtFRUdSBhmvo9kxueMSmXbb8bM7Nz8wmImm1taXlldM9c3qjJOBCYVHLNY1H0kCaMRqSiqGKlzQVDoM1Lzu2djv3ZDhKRxdKV6nHghakc0oBgpLTXNbVfF0OX02uVh4SK9ecH1kYC8aeZt69B2To4caFt2CvilOFMlX9q6fc8OR6flpvnqtmKchCRSmCEpG47NlddHQlHMyCDnJpJwhLuoTRqaRigk0uunGQZwTystGMRCn0jBVP2+0UehlL3Q15MhUh352xuLf3mNRAVFr08jnigS4clDQcKgzj0uBLaoIFixniYIC6r/CnEHCYSVri2nS/hMCv8n1QPLsS3nUrdRBBNkwA7YBfvAAcegBM5BGVQABkNwDx7Bk3FnPBgj43kyOmNMdzbBDxgvHx72miM=</latexit><latexit sha1_base64="oGPP8I7pL25hwGNSzRTwjjbwBGw=">AAACA3icdVBLSwMxGMzWV62vVW96CRbB0zYrqPVW8CJ4qWAf0F1LNs22odndkGSFUgpe/CtePCji1T/hzX9jul1FRQcShpnvI5kJBGdKI/RuFebmFxaXisulldW19Q17c6upklQS2iAJT2Q7wIpyFtOGZprTtpAURwGnrWB4NvVbN1QqlsRXeiSoH+F+zEJGsDZS197xdAI9wa49EVUusltUvABLKLp2GTlHyD09diFyUAb4pbi5UgY56l37zeslJI1orAnHSnVcJLQ/xlIzwumk5KWKCkyGuE87hsY4osofZxkmcN8oPRgm0pxYw0z9vjHGkVKjKDCTEdYD9dubin95nVSHVX/MYpFqGpPZQ2HKock9LQT2mKRE85EhmEhm/grJAEtMtKmtZEr4TAr/J81Dx0WOe4nKtWpeRxHsgj1wAFxwAmrgHNRBAxBwC+7BI3iy7qwH69l6mY0WrHxnG/yA9foB3HWW+A==</latexit>

K0
L/n/n̄

<latexit sha1_base64="+VOZ6JbB6F8rgySnTOsxHFHAOUA=">AAAB9XicdZDLSgMxFIbPeK31VnUjuAkWwdU0I6h1V3Aj6KKCvUA7LZk0bUMzmSHJKLX0Pdy4UMSt7+JO8GFML4qK/hA4fP85nJM/iAXXBuM3Z2Z2bn5hMbWUXl5ZXVvPbGyWdZQoyko0EpGqBkQzwSUrGW4Eq8aKkTAQrBL0Tkd+5ZopzSN5Zfox80PSkbzNKTEWNc6bFw2ck7l6QBSSzUwWu4fYOznyEHbxWOiLeFOSLWzfvoNVsZl5rbcimoRMGiqI1jUPx8YfEGU4FWyYrieaxYT2SIfVbClJyLQ/GF89RHuWtFA7UvZJg8b0+8SAhFr3w8B2hsR09W9vBP/yaolp5/0Bl3FimKSTRe1EIBOhUQSoxRWjRvRtQaji9lZEu0QRamxQaRvC50/R/0X5wPWw613aNPIwUQp2YBf2wYNjKMAZFKEEFBTcwQM8OjfOvfPkPE9aZ5zpzBb8kPPyAWWqk0E=</latexit><latexit sha1_base64="maKtKNQy9lbWV4YVR2YbEX69cbQ=">AAAB9XicdZDLSgMxFIYzXtt6q7oR3ASL4GqaEdS6K7oRdFHBXqCdlkyaaUMzmSHJKHUo+BhuXCjiVvBR3Ak+jOlFUdEfAofvP4dz8nsRZ0oj9GZNTc/Mzs2n0pmFxaXllezqWkWFsSS0TEIeypqHFeVM0LJmmtNaJCkOPE6rXu946FcvqVQsFBe6H1E3wB3BfEawNqh52jprorzINzwsoWhlc8jeQ87hvgORjUaCX8SZkFxx4/o9ffNyVGplXxvtkMQBFZpwrFTdQZF2Eyw1I5wOMo1Y0QiTHu7QuikFDqhyk9HVA7htSBv6oTRPaDii3ycSHCjVDzzTGWDdVb+9IfzLq8faL7gJE1GsqSDjRX7MoQ7hMALYZpISzfumwEQycyskXSwx0SaojAnh86fw/6KyazvIds5NGgUwVgpsgi2wAxxwAIrgBJRAGRAgwS24Bw/WlXVnPVpP49YpazKzDn7Iev4AYxaUvg==</latexit><latexit sha1_base64="maKtKNQy9lbWV4YVR2YbEX69cbQ=">AAAB9XicdZDLSgMxFIYzXtt6q7oR3ASL4GqaEdS6K7oRdFHBXqCdlkyaaUMzmSHJKHUo+BhuXCjiVvBR3Ak+jOlFUdEfAofvP4dz8nsRZ0oj9GZNTc/Mzs2n0pmFxaXllezqWkWFsSS0TEIeypqHFeVM0LJmmtNaJCkOPE6rXu946FcvqVQsFBe6H1E3wB3BfEawNqh52jprorzINzwsoWhlc8jeQ87hvgORjUaCX8SZkFxx4/o9ffNyVGplXxvtkMQBFZpwrFTdQZF2Eyw1I5wOMo1Y0QiTHu7QuikFDqhyk9HVA7htSBv6oTRPaDii3ycSHCjVDzzTGWDdVb+9IfzLq8faL7gJE1GsqSDjRX7MoQ7hMALYZpISzfumwEQycyskXSwx0SaojAnh86fw/6KyazvIds5NGgUwVgpsgi2wAxxwAIrgBJRAGRAgwS24Bw/WlXVnPVpP49YpazKzDn7Iev4AYxaUvg==</latexit><latexit sha1_base64="pyVsm9gICTkY33y7hKVSgjepnok=">AAAB9XicdZDLSgMxFIbP1Futt6pLN8EiuGozglp3BTeCLirYC7TTkknTNjSTGZKMUoa+hxsXirj1Xdz5NqbtKCr6Q+Dw/edwTn4/ElwbjN+dzMLi0vJKdjW3tr6xuZXf3qnrMFaU1WgoQtX0iWaCS1Yz3AjWjBQjgS9Ywx+dT/3GLVOah/LGjCPmBWQgeZ9TYizqXHavOrgkS22fKCS7+QIuHmP37MRFuIhnQl/ETUkBUlW7+bd2L6RxwKShgmjdcnFkvIQow6lgk1w71iwidEQGrGVLSQKmvWR29QQdWNJD/VDZJw2a0e8TCQm0Hge+7QyIGerf3hT+5bVi0y97CZdRbJik80X9WCATomkEqMcVo0aMbUGo4vZWRIdEEWpsUDkbwudP0f9F/ajo4qJ7jQuVchpHFvZgHw7BhVOowAVUoQYUFNzDIzw5d86D8+y8zFszTjqzCz/kvH4AIKSRkw==</latexit>

e±/µ±
<latexit sha1_base64="kvrFFmnQV882XGqvBMZwyNRe0bY=">AAAB9HicdZDLSgMxFIbP1Futt6obwU2wCK7GGUGtu4IblxXsBTpjyaRpG5rMjEmmUIc+hxsXirj1YdwJPoyZtoqK/hDy851zyMkfxJwp7ThvVm5ufmFxKb9cWFldW98obm7VVZRIQmsk4pFsBlhRzkJa00xz2owlxSLgtBEMzrN6Y0ilYlF4pUcx9QXuhazLCNYG+fTai8WhJ5LsbhdLjn3suGcnLnJsZyL0RdwZKVV2bt/BqNouvnqdiCSChppwrFTLdWLtp1hqRjgdF7xE0RiTAe7RlrEhFlT56WTpMdo3pIO6kTQn1GhCv0+kWCg1EoHpFFj31e9aBv+qtRLdLfspC+NE05BMH+omHOkIZQmgDpOUaD4yBhPJzK6I9LHERJucCiaEz5+i/039yHYd2700aZRhqjzswh4cgAunUIELqEINCNzAHTzAozW07q0n63namrNmM9vwQ9bLBx3tk8g=</latexit><latexit sha1_base64="g0fexAvoW5n8awvYkfmAvgcYH44=">AAAB9HicdZDLSgMxFIYz9dbWW9WN4CZYBFdjRlDrrujGZQV7gc5YMmmmDU1mxiRTqEPBt3DjQhG3LnwUd4IPY3pRVPRAyM/3n0NOfj/mTGmE3qzMzOzc/EI2l19cWl5ZLayt11SUSEKrJOKRbPhYUc5CWtVMc9qIJcXC57Tu905Hfr1PpWJReKEHMfUE7oQsYARrgzx66cZizxXJ6G4Visg+QM7xoQORjcYFv4gzJcXy5vV77ublpNIqvLrtiCSChppwrFTTQbH2Uiw1I5wO826iaIxJD3do08gQC6q8dLz0EO4Y0oZBJM0JNRzT7xMpFkoNhG86BdZd9dsbwb+8ZqKDkpeyME40DcnkoSDhUEdwlABsM0mJ5gMjMJHM7ApJF0tMtMkpb0L4/Cn8X9T2bQfZzrlJowQmlQVbYBvsAgccgTI4AxVQBQRcgVtwDx6svnVnPVpPk9aMNZ3ZAD/Kev4AG1mVRQ==</latexit><latexit sha1_base64="g0fexAvoW5n8awvYkfmAvgcYH44=">AAAB9HicdZDLSgMxFIYz9dbWW9WN4CZYBFdjRlDrrujGZQV7gc5YMmmmDU1mxiRTqEPBt3DjQhG3LnwUd4IPY3pRVPRAyM/3n0NOfj/mTGmE3qzMzOzc/EI2l19cWl5ZLayt11SUSEKrJOKRbPhYUc5CWtVMc9qIJcXC57Tu905Hfr1PpWJReKEHMfUE7oQsYARrgzx66cZizxXJ6G4Visg+QM7xoQORjcYFv4gzJcXy5vV77ublpNIqvLrtiCSChppwrFTTQbH2Uiw1I5wO826iaIxJD3do08gQC6q8dLz0EO4Y0oZBJM0JNRzT7xMpFkoNhG86BdZd9dsbwb+8ZqKDkpeyME40DcnkoSDhUEdwlABsM0mJ5gMjMJHM7ApJF0tMtMkpb0L4/Cn8X9T2bQfZzrlJowQmlQVbYBvsAgccgTI4AxVQBQRcgVtwDx6svnVnPVpPk9aMNZ3ZAD/Kev4AG1mVRQ==</latexit><latexit sha1_base64="BSxQZS3py+LKr2M/L1Fx/t+G/tw=">AAAB9HicdZDLSgMxFIYzXmu9VV26CRbB1ZgR1LoruHFZwV6gM5ZMmmlDk8yYZApl6HO4caGIWx/GnW9jph1FRQ+E/Hz/OeTkDxPOtEHo3VlYXFpeWS2tldc3Nre2Kzu7LR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD0WXut8dUaRbLGzNJaCDwQLKIEWwsCuitn4hjX6T53atUkXuKvIszDyIXzQp+Ea8gVVBUo1d58/sxSQWVhnCsdddDiQkyrAwjnE7LfqppgskID2jXSokF1UE2W3oKDy3pwyhW9kgDZ/T7RIaF1hMR2k6BzVD/9nL4l9dNTVQLMiaT1FBJ5g9FKYcmhnkCsM8UJYZPrMBEMbsrJEOsMDE2p7IN4fOn8H/ROnE95HrXqFqvFXGUwD44AEfAA+egDq5AAzQBAXfgHjyCJ2fsPDjPzsu8dcEpZvbAj3JePwDY2JIa</latexit>

⇡0 ! ��
<latexit sha1_base64="GJCVQb8wailvq3vyrTk9U1IQjro=">AAAB/nicdVDLSgMxFL1TX7W+qsWVm2ApuCoZQa27ghuXFewDOrVk0rQNTWaGJCOUoeDCH3HjQhG3foc7d36KaaeKih5IOJxzL/fe40eCa4Pxm5NZWFxaXsmu5tbWNza38ts7DR3GirI6DUWoWj7RTPCA1Q03grUixYj0BWv6o7Op37xmSvMwuDTjiHUkGQS8zykxVurmd72IX2HPhMgbEClJ+nfzRVw+wu7psYtwGc+AvhR3rhSrhdLtOwDUuvlXrxfSWLLAUEG0brs4Mp2EKMOpYJOcF2sWEToiA9a2NCCS6U4yW3+CSlbpoX6o7AsMmqnfOxIitR5L31ZKYob6tzcV//LaselXOgkPotiwgKaD+rFA9tppFqjHFaNGjC0hVHG7K6JDogg1NrGcDeHzUvQ/aRyWXVx2L2waFUiRhT3YhwNw4QSqcA41qAOFBO7gAR6dG+feeXKe09KMM+8pwA84Lx+GjJdX</latexit><latexit sha1_base64="rAZgjYfC/SCuxiibchrdKrXgSs8=">AAAB/nicdVDLSgMxFM34rPU1Wly5CZaCqyEjqHVXcOOygn1AZyyZNNOGJjNDkhHKUHDhj7hxoYhbv8APcKcf4Bf4AaYPRUUPJBzOuZd77wkSzpRG6MWamZ2bX1jMLeWXV1bX1u2NzbqKU0lojcQ8ls0AK8pZRGuaaU6biaRYBJw2gv7xyG9cUKlYHJ3pQUJ9gbsRCxnB2khte8tL2DnydAy9LhYCT/62XUTOPnKPDlyIHDQG/FLcqVKsFEpX709vr9W2/ex1YpIKGmnCsVItFyXaz7DUjHA6zHupogkmfdylLUMjLKjys/H6Q1gySgeGsTQv0nCsfu/IsFBqIAJTKbDuqd/eSPzLa6U6LPsZi5JU04hMBoUph+baURawwyQlmg8MwUQysyskPSwx0SaxvAnh81L4P6nvOS5y3FOTRhlMkAPbYAfsAhccggo4AVVQAwRk4Brcgjvr0rqx7q2HSemMNe0pgB+wHj8AAJiZ8Q==</latexit><latexit sha1_base64="rAZgjYfC/SCuxiibchrdKrXgSs8=">AAAB/nicdVDLSgMxFM34rPU1Wly5CZaCqyEjqHVXcOOygn1AZyyZNNOGJjNDkhHKUHDhj7hxoYhbv8APcKcf4Bf4AaYPRUUPJBzOuZd77wkSzpRG6MWamZ2bX1jMLeWXV1bX1u2NzbqKU0lojcQ8ls0AK8pZRGuaaU6biaRYBJw2gv7xyG9cUKlYHJ3pQUJ9gbsRCxnB2khte8tL2DnydAy9LhYCT/62XUTOPnKPDlyIHDQG/FLcqVKsFEpX709vr9W2/ex1YpIKGmnCsVItFyXaz7DUjHA6zHupogkmfdylLUMjLKjys/H6Q1gySgeGsTQv0nCsfu/IsFBqIAJTKbDuqd/eSPzLa6U6LPsZi5JU04hMBoUph+baURawwyQlmg8MwUQysyskPSwx0SaxvAnh81L4P6nvOS5y3FOTRhlMkAPbYAfsAhccggo4AVVQAwRk4Brcgjvr0rqx7q2HSemMNe0pgB+wHj8AAJiZ8Q==</latexit><latexit sha1_base64="b7JituUntwI0tJBMk3gZlmzM7YI=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEV0NGUOuu4MZlBfuAzlgyaaYNTTJDkhHKUPBX3LhQxK3f4c6/MW1HUdEDCYdz7uXee6KUM20QendKC4tLyyvl1cra+sbmlru909JJpghtkoQnqhNhTTmTtGmY4bSTKopFxGk7Gl1M/fYtVZol8tqMUxoKPJAsZgQbK/XcvSBlNygwCQwGWAg8/3tuFXknyD8/9SHy0AzwS/ELpQoKNHruW9BPSCaoNIRjrbs+Sk2YY2UY4XRSCTJNU0xGeEC7lkosqA7z2foTeGiVPowTZZ80cKZ+78ix0HosIlspsBnq395U/MvrZiauhTmTaWaoJPNBccahvXaaBewzRYnhY0swUczuCskQK0yMTaxiQ/i8FP5PWseejzz/ClXrtSKOMtgHB+AI+OAM1MElaIAmICAH9+ARPDl3zoPz7LzMS0tO0bMLfsB5/QAEx5V7</latexit>

⌫`/⌫̄`
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Fig. 52: E�ciency vs purity of charged B (left) and neutral B (right) candidates

reconstructed with FEI algorithm in hadronic modes.

Table 29: B+, B0 and D decay modes included in the FEI. The modes listed in the lower

parts of the tables were not considered in the Belle FR.

B+ modes B0 modes

B+ ! D0⇡+ B0 ! D�⇡+

B+ ! D0⇡+⇡0 B0 ! D�⇡+⇡0

B+ ! D0⇡+⇡0⇡0 B0 ! D�⇡+⇡+⇡�

B+ ! D0⇡+⇡+⇡� B0 ! D+
s D�

B+ ! D+
s D0 B0 ! D⇤�⇡+

B+ ! D⇤0⇡+ B0 ! D⇤�⇡+⇡0

B+ ! D⇤0⇡+⇡0 B0 ! D⇤�⇡+⇡+⇡�

B+ ! D⇤0⇡+⇡+⇡� B0 ! D⇤�⇡+⇡+⇡�⇡0

B+ ! D⇤0⇡+⇡+⇡�⇡0 B0 ! D⇤+
s D�

B+ ! D⇤+
s D0 B0 ! D+

s D⇤�

B+ ! D+
s D⇤0 B0 ! D⇤+

s D⇤�

B+ ! D0K+ B0 ! J/ K0
S

B+ ! D�⇡+⇡+ B0 ! J/ K+⇡+

B+ ! J/ K+ B0 ! J/ K0
S⇡

+⇡�

B+ ! J/ K+⇡+⇡�

B+ ! J/ K+⇡0

B+ ! D�⇡+⇡+⇡0 B0 ! D�⇡+⇡0⇡0

B+ ! D0⇡+⇡+⇡�⇡0 B0 ! D�⇡+⇡+⇡�⇡0

B+ ! D0D+ B0 ! D0⇡+⇡�

B+ ! D0D+K0
S B0 ! D�D0K+

B+ ! D⇤0D+K0
S B0 ! D�D⇤0K+

B+ ! D0D⇤+K0
S B0 ! D⇤�D0K+

B+ ! D⇤0D⇤+K0
S B0 ! D⇤�D⇤0K+

B+ ! D0D0K+ B0 ! D�D+K0
S

B+ ! D⇤0D0K+ B0 ! D⇤�D+K0
S

B+ ! D0D⇤0K+ B0 ! D�D⇤+K0
S

B+ ! D⇤0D⇤0K+ B0 ! D⇤�D⇤+K0
S

B+ ! D⇤0⇡+⇡0⇡0 B0 ! D⇤�⇡+⇡0⇡0

D+, D⇤+, D+
s modes D0,D⇤0 modes

D+ ! K�⇡+⇡+ D0 ! K�⇡+

D+ ! K�⇡+⇡+⇡0 D0 ! K�⇡+⇡0

D+ ! K�K+⇡+ D0 ! K�⇡+⇡+⇡�

D+ ! K�K+⇡+⇡0 D0 ! ⇡�⇡+

D+ ! K0
S⇡

+ D0 ! ⇡�⇡+⇡0

D+ ! K0
S⇡

+⇡0 D0 ! K0
S⇡

0

D+ ! K0
S⇡

+⇡+⇡� D0 ! K0
S⇡

+⇡�

D⇤+ ! D0⇡+ D0 ! K0
S⇡

+⇡�⇡0

D⇤+ ! D+⇡0 D0 ! K�K+

D+
s ! K+K0

S D0 ! K�K+K0
S

D+
s ! K+⇡+⇡� D⇤0 ! D0⇡0

D+
s ! K+K�⇡+ D⇤0 ! D0�

D+
s ! K+K�⇡+⇡0

D+
s ! K+K0

S⇡
+⇡�

D+
s ! K�K0

S⇡
+⇡+

D+
s ! K+K�⇡+⇡+⇡�

D+
s ! ⇡+⇡+⇡�

D⇤+
s ! D+

s ⇡
0

D+ ! ⇡+⇡0 D0 ! K�⇡+⇡0⇡0

D+ ! ⇡+⇡+⇡� D0 ! K�⇡+⇡+⇡�⇡0

D+ ! ⇡+⇡+⇡�⇡0 D0 ! ⇡�⇡+⇡+⇡�

D+ ! K+K0
SK0

S D0 ! ⇡�⇡+⇡0⇡0

D⇤+ ! D+� D0 ! K�K+⇡0

D+
s ! K0

S⇡
+

D+
s ! K0

S⇡
+⇡0

D⇤+
s ! D+

s ⇡
0

with low purity. A mode-by-mode study is nevertheless needed to quantitatively support2684

these final remarks. Furthermore, with the current knowledge of the machine background,2685

the similar trend observed between the machine-background-free ROC curve and the one2686

obtained considering the nominal machine background simulation (Figure 52) suggests that2687
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Fig. 52: E�ciency vs purity of charged B (left) and neutral B (right) candidates

reconstructed with FEI algorithm in hadronic modes.

Table 29: B+, B0 and D decay modes included in the FEI. The modes listed in the lower

parts of the tables were not considered in the Belle FR.

B+ modes B0 modes

B+ ! D0⇡+ B0 ! D�⇡+

B+ ! D0⇡+⇡0 B0 ! D�⇡+⇡0

B+ ! D0⇡+⇡0⇡0 B0 ! D�⇡+⇡+⇡�

B+ ! D0⇡+⇡+⇡� B0 ! D+
s D�

B+ ! D+
s D0 B0 ! D⇤�⇡+

B+ ! D⇤0⇡+ B0 ! D⇤�⇡+⇡0

B+ ! D⇤0⇡+⇡0 B0 ! D⇤�⇡+⇡+⇡�

B+ ! D⇤0⇡+⇡+⇡� B0 ! D⇤�⇡+⇡+⇡�⇡0

B+ ! D⇤0⇡+⇡+⇡�⇡0 B0 ! D⇤+
s D�

B+ ! D⇤+
s D0 B0 ! D+

s D⇤�

B+ ! D+
s D⇤0 B0 ! D⇤+

s D⇤�

B+ ! D0K+ B0 ! J/ K0
S

B+ ! D�⇡+⇡+ B0 ! J/ K+⇡+

B+ ! J/ K+ B0 ! J/ K0
S⇡

+⇡�

B+ ! J/ K+⇡+⇡�

B+ ! J/ K+⇡0

B+ ! D�⇡+⇡+⇡0 B0 ! D�⇡+⇡0⇡0

B+ ! D0⇡+⇡+⇡�⇡0 B0 ! D�⇡+⇡+⇡�⇡0

B+ ! D0D+ B0 ! D0⇡+⇡�

B+ ! D0D+K0
S B0 ! D�D0K+

B+ ! D⇤0D+K0
S B0 ! D�D⇤0K+

B+ ! D0D⇤+K0
S B0 ! D⇤�D0K+

B+ ! D⇤0D⇤+K0
S B0 ! D⇤�D⇤0K+

B+ ! D0D0K+ B0 ! D�D+K0
S

B+ ! D⇤0D0K+ B0 ! D⇤�D+K0
S

B+ ! D0D⇤0K+ B0 ! D�D⇤+K0
S

B+ ! D⇤0D⇤0K+ B0 ! D⇤�D⇤+K0
S

B+ ! D⇤0⇡+⇡0⇡0 B0 ! D⇤�⇡+⇡0⇡0

D+, D⇤+, D+
s modes D0,D⇤0 modes

D+ ! K�⇡+⇡+ D0 ! K�⇡+

D+ ! K�⇡+⇡+⇡0 D0 ! K�⇡+⇡0

D+ ! K�K+⇡+ D0 ! K�⇡+⇡+⇡�

D+ ! K�K+⇡+⇡0 D0 ! ⇡�⇡+

D+ ! K0
S⇡

+ D0 ! ⇡�⇡+⇡0

D+ ! K0
S⇡

+⇡0 D0 ! K0
S⇡

0

D+ ! K0
S⇡

+⇡+⇡� D0 ! K0
S⇡

+⇡�

D⇤+ ! D0⇡+ D0 ! K0
S⇡

+⇡�⇡0

D⇤+ ! D+⇡0 D0 ! K�K+

D+
s ! K+K0

S D0 ! K�K+K0
S

D+
s ! K+⇡+⇡� D⇤0 ! D0⇡0

D+
s ! K+K�⇡+ D⇤0 ! D0�

D+
s ! K+K�⇡+⇡0

D+
s ! K+K0

S⇡
+⇡�

D+
s ! K�K0

S⇡
+⇡+

D+
s ! K+K�⇡+⇡+⇡�

D+
s ! ⇡+⇡+⇡�

D⇤+
s ! D+

s ⇡
0

D+ ! ⇡+⇡0 D0 ! K�⇡+⇡0⇡0

D+ ! ⇡+⇡+⇡� D0 ! K�⇡+⇡+⇡�⇡0

D+ ! ⇡+⇡+⇡�⇡0 D0 ! ⇡�⇡+⇡+⇡�

D+ ! K+K0
SK0

S D0 ! ⇡�⇡+⇡0⇡0

D⇤+ ! D+� D0 ! K�K+⇡0

D+
s ! K0

S⇡
+

D+
s ! K0

S⇡
+⇡0

D⇤+
s ! D+

s ⇡
0

with low purity. A mode-by-mode study is nevertheless needed to quantitatively support2684

these final remarks. Furthermore, with the current knowledge of the machine background,2685

the similar trend observed between the machine-background-free ROC curve and the one2686

obtained considering the nominal machine background simulation (Figure 52) suggests that2687
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B
<latexit sha1_base64="mrEl/6Bmna5CBPrjU6DAv5887W0=">AAAB6HicdZDLSgMxFIbP1Futt6pLN8EiuBoytbR1ZdGNy1ZsK7RDyaRpG5u5kGSEMvQJ3LhQxK1P4cqHcOfbmGkVVPSHwM/3n0POOV4kuNIYv1uZhcWl5ZXsam5tfWNzK7+901JhLClr0lCE8sojigkesKbmWrCrSDLie4K1vfFZmrdvmFQ8DC71JGKuT4YBH3BKtEGN016+gO3jarlYKiNsY1xxik5qipXSUQk5hqQqnLy+XIBRvZd/6/ZDGvss0FQQpToOjrSbEKk5FWya68aKRYSOyZB1jA2Iz5SbzAadogND+mgQSvMCjWb0e0dCfKUmvmcqfaJH6neWwr+yTqwHVTfhQRRrFtD5R4NYIB2idGvU55JRLSbGECq5mRXREZGEanObnDnC16bof9Mq2g62nQYu1KowVxb2YB8OwYEK1OAc6tAECgxu4R4erGvrznq0nualGeuzZxd+yHr+AK67jwE=</latexit><latexit sha1_base64="YoNEkR18DeOyeAOxLpz+jAvnDwY=">AAAB6HicdZDLSgMxFIYz9VbrrepSkGARXA2ZsbR1ZdGNyxbsBdqhZNJMG5u5kGSEMnTpyo0LRdz6FF35EO58Bl/CTKugoj8Efr7/HHLOcSPOpELozcgsLC4tr2RXc2vrG5tb+e2dpgxjQWiDhDwUbRdLyllAG4opTtuRoNh3OW25o/M0b11TIVkYXKpxRB0fDwLmMYKVRvWzXr6AzJNKyS6WIDIRKlu2lRq7XDwuQkuTVIXTl2n9/WZ/WuvlX7v9kMQ+DRThWMqOhSLlJFgoRjid5LqxpBEmIzygHW0D7FPpJLNBJ/BQkz70QqFfoOCMfu9IsC/l2Hd1pY/VUP7OUvhX1omVV3ESFkSxogGZf+TFHKoQplvDPhOUKD7WBhPB9KyQDLHAROnb5PQRvjaF/5umbVrItOqoUK2AubJgDxyAI2CBMqiCC1ADDUAABbfgHjwYV8ad8Wg8zUszxmfPLvgh4/kDuLaRRg==</latexit><latexit sha1_base64="YoNEkR18DeOyeAOxLpz+jAvnDwY=">AAAB6HicdZDLSgMxFIYz9VbrrepSkGARXA2ZsbR1ZdGNyxbsBdqhZNJMG5u5kGSEMnTpyo0LRdz6FF35EO58Bl/CTKugoj8Efr7/HHLOcSPOpELozcgsLC4tr2RXc2vrG5tb+e2dpgxjQWiDhDwUbRdLyllAG4opTtuRoNh3OW25o/M0b11TIVkYXKpxRB0fDwLmMYKVRvWzXr6AzJNKyS6WIDIRKlu2lRq7XDwuQkuTVIXTl2n9/WZ/WuvlX7v9kMQ+DRThWMqOhSLlJFgoRjid5LqxpBEmIzygHW0D7FPpJLNBJ/BQkz70QqFfoOCMfu9IsC/l2Hd1pY/VUP7OUvhX1omVV3ESFkSxogGZf+TFHKoQplvDPhOUKD7WBhPB9KyQDLHAROnb5PQRvjaF/5umbVrItOqoUK2AubJgDxyAI2CBMqiCC1ADDUAABbfgHjwYV8ad8Wg8zUszxmfPLvgh4/kDuLaRRg==</latexit><latexit sha1_base64="vFVwwqzkwUqnWrqph+zjB4RVC6U=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNIYm3oBePCZgHJEuYncwmY2YfzMwKYckXePGgiFc/yZt/42wSQUULGoqqbrq7vFhwpTH+sHJr6xubW/ntws7u3v5B8fCoo6JEUtamkYhkzyOKCR6ytuZasF4sGQk8wbre9Drzu/dMKh6Ft3oWMzcg45D7nBJtpNbVsFjC9mW9Wq5UEbYxrjllJyPlWuWighyjZCjBCs1h8X0wimgSsFBTQZTqOzjWbkqk5lSweWGQKBYTOiVj1jc0JAFTbro4dI7OjDJCfiRNhRot1O8TKQmUmgWe6QyInqjfXib+5fUT7dfdlIdxollIl4v8RCAdoexrNOKSUS1mhhAqubkV0QmRhGqTTcGE8PUp+p90yraDbaeFS436Ko48nMApnIMDNWjADTShDRQYPMATPFt31qP1Yr0uW3PWauYYfsB6+wTwLoz6</latexit>

e+e� ! ⌥(4S) ! BB̄
<latexit sha1_base64="WiIECNAJhjoPteXxn4A25z3S1p8="></latexit><latexit sha1_base64="Ij/+J7vriSqQJ2gzGcu5JGtzrb8="></latexit><latexit sha1_base64="Ij/+J7vriSqQJ2gzGcu5JGtzrb8="></latexit><latexit sha1_base64="/keqhLzcya1rfh0vwCJPjtNrfhU=">AAACEnicdZDLSgMxFIYzXmu9VV26CRahRSwZ8VJ3pW5cVrQX6LQlk55qMJMZkoxQhj6DG1/FjQtF3Lpy59uYXhQVPRD4+c45nPy/HwmuDSHvztT0zOzcfGohvbi0vLKaWVuv6TBWDKosFKFq+FSD4BKqhhsBjUgBDXwBdf/6ZNiv34DSPJQXph9BK6CXkvc4o8aiTiYP7R1o72LPhNirRpqLUOb2E08F+HyQH+Gy51OFy51MlhQOiHt86GJSIKPCX8SdkCyaVKWTefO6IYsDkIYJqnXTJZFpJVQZzgQM0l6sIaLsml5C00pJA9CtZGRpgLct6eJeqOyTBo/o942EBlr3A99OBtRc6d+9Ifyr14xNr9hKuIxiA5KND/Viga3RYT64yxUwI/pWUKa4/StmV1RRZmyKaRvCp1P8v6jtFVxScM9ItlScxJFCm2gL5ZCLjlAJnaIKqiKGbtE9ekRPzp3z4Dw7L+PRKWeys4F+lPP6ATywm+U=</latexit>

➔ light “stable” particles
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B reconstruction
Full reconstruction (>1000 modes)

~ptag =
X

i,tag

~pi
<latexit sha1_base64="nIoRdRNIHdoyJHQeE1eLkRqFuvQ="></latexit><latexit sha1_base64="DWH1Os89Dbvl9NVnKPCyW4VWQyE="></latexit><latexit sha1_base64="DWH1Os89Dbvl9NVnKPCyW4VWQyE="></latexit><latexit sha1_base64="6FieHEGKjMeXJCfvF12+w9iL4S8=">AAACFnicdVDLSgMxFM34rPVVdekmWAQXWpIu7HQhFNy4rGAf0ClDJk3b0GRmSDKFMvQr3Pgrblwo4lbc+Tdm+gAVPRA4nHMuN/cEseDaIPTprKyurW9s5rby2zu7e/uFg8OmjhJFWYNGIlLtgGgmeMgahhvB2rFiRAaCtYLRdea3xkxpHoV3ZhKzriSDkPc5JcZKfuHCGzOaxlM/9ZSEhgymV55OpJ/yc7hU4DLD/UIRlRBCGGOYEVy5RJZUq24ZuxBnlkURLFD3Cx9eL6KJZKGhgmjdwSg23ZQow6lg07yXaBYTOiID1rE0JJLpbjo7awpPrdKD/UjZFxo4U79PpERqPZGBTUpihvq3l4l/eZ3E9N1uysM4MSyk80X9REATwawj2OOKUSMmlhCquP0rpEOiCDW2ybwtYXkp/J80yyWMSvgWFWvuoo4cOAYn4AxgUAE1cAPqoAEouAeP4Bm8OA/Ok/PqvM2jK85i5gj8gPP+BT6boAA=</latexit>

Etag =
X

i,tag

Ei = Ebeam

<latexit sha1_base64="OBTKrBaxCWLM9kQpAYCaUipw0P0="></latexit><latexit sha1_base64="nufIOd05EZ1K/WjoPsWw0M1VpJM="></latexit><latexit sha1_base64="nufIOd05EZ1K/WjoPsWw0M1VpJM="></latexit><latexit sha1_base64="SAMMeyPvDENOSTVqHFnhX3g/668="></latexit>

→ Beam-constrained mass

Mbc =
q

E2
beam � ~p2tag

<latexit sha1_base64="UHPqKEE7RPAltdS9xerwmYa2UWA="></latexit><latexit sha1_base64="uG6nfXJzISMjY/hziAQznCB7AKI="></latexit><latexit sha1_base64="uG6nfXJzISMjY/hziAQznCB7AKI="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="ldI4XUsH16L5iblNu5iW8kv4w0Q=">AAACEnicbZBLSwMxFIXv1FetVatbN8EiuLHMFEE3giCCG6GCfUCnlkyatqGZh8mdQhnmj7jxr7hxoYgLd/4b03YW2nogcPhOXvd4kRQabfvbyq2srq1v5DcLW8Xtnd3SXrGhw1gxXmehDFXLo5pLEfA6CpS8FSlOfU/ypje6mubNMVdahME9TiLe8ekgEH3BKBrULZ3edhNX+cRj6YWrHxUm1xkwl6QP1RN3zFkSpXOIdGBY2i2V7Yo9E1k2TmbKkKnWLX25vZDFPg+QSap127Ej7CRUoWCSpwU31jyibEQHvG1sQH2uO8lsupQcGdIj/VCZFSCZ0d8nEuprPfE9s9OnONSL2RT+l7Vj7J93EhFEMfKAzR/qx5JgSKZVkZ5QnKGcGEOZEuavhA2pogxNoQVTgrM48rJpVCuOXXHubMjDARzCMThwBpdwAzWoA4MneIE3eLeerVfrY15Xzsp624c/sj5/AD4BoRM=</latexit><latexit sha1_base64="yFh0b9VdgR/eAddUP8W1EjGk7Kc=">AAACEnicdZBLSwMxFIXv+La+qls3QRHcWJIiWheCIIIboYJVoVNLJk1rMPMwuSOUYf6IG/+KGxeKuHDnvzHTVlDRA4HDd/K6J0i0skjphzc2PjE5NT0zW5qbX1hcKi/Pn9s4NUI2RKxjcxlwK7WKZAMVanmZGMnDQMuL4OawyC/upLEqjs6wn8hWyHuR6irB0aF2efuknfkmJIHI9317azA7GgF3SX5V3fLvpMiSfAiR9xzL2+V1WqGUMsZIYdjuDnVmb69WZTXCishpHUaqt8vvficWaSgjFJpb22Q0wVbGDSqhZV7yUysTLm54TzadjXgobSsbTJeTDUc6pBsbtyIkA/r9RMZDa/th4HaGHK/t76yAf2XNFLu1VqaiJEUZieFD3VQTjElRFekoIwXqvjNcGOX+SsQ1N1ygK7TkSvialPxvzqsVRivslMIMrMIabAKDXTiAY6hDAwTcwyM8w4v34D15r8O6xrxRbyvwQ97bJ4iloUk=</latexit><latexit sha1_base64="DwGgfcQG0AviTWeGLLQ5ZdElLLo="></latexit><latexit sha1_base64="DwGgfcQG0AviTWeGLLQ5ZdElLLo="></latexit><latexit sha1_base64="uG6nfXJzISMjY/hziAQznCB7AKI="></latexit><latexit sha1_base64="uG6nfXJzISMjY/hziAQznCB7AKI="></latexit><latexit sha1_base64="uG6nfXJzISMjY/hziAQznCB7AKI="></latexit><latexit sha1_base64="uG6nfXJzISMjY/hziAQznCB7AKI="></latexit><latexit sha1_base64="DwGgfcQG0AviTWeGLLQ5ZdElLLo="></latexit>

II. DATA SAMPLES AND THE BELLE DETECTOR

We use a data sample of 772 × 106 BB̄ pairs recorded
with the Belle detector at the KEKB asymmetric-energy
eþe− collider [12]. The Belle detector is a large-solid-angle
magnetic spectrometer that consists of a silicon vertex
detector (SVD), a 50-layer central drift chamber (CDC), an
array of aerogel threshold Cherenkov counters (ACC), a
barrel-like arrangement of time-of-flight scintillation coun-
ters (TOF), and an electromagnetic calorimeter comprised
of CsI(Tl) crystals (ECL) located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. An iron
flux-return located outside of the coil is instrumented to
detectK0

L mesons and to identify muons. The Belle detector
is described in detail elsewhere [13].
We use Monte-Carlo (MC) simulated events generated

using EvtGen [14] and JETSET [15] that include QED
final-state radiation [16]. The events are then processed by
a detector simulation based on GEANT3 [17]. We produce
signal MC events to obtain the reconstruction efficiency
and the mass resolution for signal events. We also use
background MC samples to study the missing-mass dis-
tribution in the background process ϒð4SÞ → BB̄ and
eþe− → qq̄ (q ¼ u, d, s, c and b) with statistics 6 times
that of data.

III. ANALYSIS OVERVIEW

In this analysis, we fully reconstruct one of the two
charged B mesons (Btag) via hadronic states and require at
least one charged kaon or pion candidate among the
charged particles not used for the Btag reconstruction.
The kaon or pion, coming from the other charged Bmeson,
Bsig, is required to have a charge opposite that of Btag. The
Btag is reconstructed in one of 1104 hadronic decays using a
hierarchical hadronic full reconstruction algorithm based
on the NeuroBayes neural-network package [18]. The
quality of a Btag candidate is represented by a single
NeuroBayes output-variable classifier (ONB), which
includes event-shape information to suppress continuum
events. We require ONB to be greater than 0.01, which
retains 90% of true Btag candidates and rejects 70% of
fake Btag candidates. The beam constrained mass Mbc ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E%2
beam=c

4 − jp⃗%2
tagj=c2

q
, where E%

beam and p⃗%
tag are the beam-

energy and the reconstructed Btag three-momenta, respec-
tively, in the center-of-mass frame, is required to be greater
than 5.273 GeV=c2.
About 18% of the events contain multiple Btag candi-

dates that pass all the selection criteria. In such an event,
the Btag with the greatest ONB is retained. The Btag
reconstruction efficiency is roughly 0.3%. Figure 1 shows
the Mbc distribution for data with the ONB requirement
applied. The selections of the charged kaon and pion
daughters of Bsig are performed based on vertex informa-
tion from the tracking system (SVD and CDC) and

likelihood values LK and Lπ provided by the hadron
identification system, ionization loss in the CDC, the
number of detected Cherenkov photons in the ACC, and
the time-of-flight measured by the TOF [19]. A charged
track is required to have a point of closest approach to the
interaction point that is within 5.0 cm along the z axis and
0.40 cm in the transverse (r-ϕ) plane. The z axis is opposite
the positron beam direction. A track is identified as a kaon
(pion) if the likelihood ratio LðK∶πÞ (Lðπ∶KÞ) is greater
than 0.6. The likelihood ratio is defined as Lði∶jÞ ¼
Li=ðLi þ LjÞ. The efficiencies of hadron identification
are about 90% for both pions and kaons. The momen-
tum-averaged probability to misidentify a pion (kaon) track
as a kaon (pion) track is about 9% (10%). We identify the
signal as a peak at the nominal Xcc̄ or D̄%0 mass in the
distribution of missing mass,

MmissðhÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp%

eþe− − p%
tag − p%

hÞ2
q

=c; ð1Þ

where MmissðhÞ is the missing mass recoiling against the
hadron h (πþ or Kþ), and p%

eþe− , p
%
tag, and p%

h are the four-
momenta of the electron-positron initial state, Btag, and h,
respectively, in the center-of-mass frame. The probability to
observe multiple kaon or pion candidates in the MmissðhÞ
range of interest (2.6 GeV=c2 < MmissðKþÞ < 4.1 GeV=c2

and MmissðπþÞ < 2.5 GeV=c2) in an event is 2.8% and
0.3%, respectively. We do not apply a best-candidate
selection if multiple candidates are found.
The beam-energy resolution is a dominant contribution

to the Mbc resolution, and event-by-event fluctuations of
Mbc from the nominal Bmeson mass are directly correlated
to the event-by-event fluctuation of the beam energy. We
apply a correction to account for the event-by-event
fluctuation of the beam energy using a linear relation to
Mbc. The corrected beam-energy improves the missing
mass resolution by 8%, 4%, and 2% for Xð3872Þ, J=ψ , and
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FIG. 1. Mbc distribution for data after the requirement on the
ONB. Vertical line shows the lower bound of the selection criteria.
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~2.4 x 106 B± tags

Belle

Remainder
(detected & undetected)

= other B 

Ø absolute branching fractions
Ø inclusive rates
Ø detailed angular, kinematic distributions
Ø invisible particles (neutrinos, dark matter)
Ø low systematics

B̄
<latexit sha1_base64="LiElEu0mLdXSqp1PPkBm9tZ/yas=">AAAB7XicdZDLSgMxFIbPeK31VnXpJlgEVyXpwk5XFt24rGIv0A4lk2ba2MyFJCOU0ndw40IRt76CKx/CnW9jplVQ0R8CH/9/Djnn+IkU2mD87iwsLi2vrObW8usbm1vbhZ3dpo5TxXiDxTJWbZ9qLkXEG0YYyduJ4jT0JW/5o7Msb91wpUUcXZlxwr2QDiIRCEaNtZpdnyp02isUcQljTAhBGZDKMbZQrbpl4iKSRVbFk9eXS7Cq9wpv3X7M0pBHhkmqdYfgxHgTqoxgkk/z3VTzhLIRHfCOxYiGXHuT2bRTdGidPgpiZV9k0Mz93jGhodbj0LeVITVD/TvLzL+yTmoC15uIKEkNj9j8oyCVyMQoWx31heLMyLEFypSwsyI2pIoyYw+Ut0f42hT9D81yieASucDFmgtz5WAfDuAICFSgBudQhwYwuIZbuIcHJ3bunEfnaV664Hz27MEPOc8f6haQ2A==</latexit><latexit sha1_base64="sIc8x+AgNsTnrrEYSS+Jc03sd/4=">AAAB7XicdZDLSgMxFIYz9VbrrepSkGARXJXEhZ2uLLpx2YK9QFtKJs20sZnMkGSEMnTp3o0LRdz6Cl35EO58Bl/CTKugoj8EPv7/HHLO8SLBtUHozcksLC4tr2RXc2vrG5tb+e2dhg5jRVmdhiJULY9oJrhkdcONYK1IMRJ4gjW90XmaN6+Z0jyUl2YcsW5ABpL7nBJjrUbHIwqe9fIFVEQIYYxhCrh0giyUy+4xdiFOI6vC6cu09n6zP6328q+dfkjjgElDBdG6jVFkuglRhlPBJrlOrFlE6IgMWNuiJAHT3WQ27QQeWqcP/VDZJw2cud87EhJoPQ48WxkQM9S/s9T8K2vHxne7CZdRbJik84/8WEATwnR12OeKUSPGFghV3M4K6ZAoQo09UM4e4WtT+D80josYFXENFSoumCsL9sABOAIYlEAFXIAqqAMKrsAtuAcPTujcOY/O07w043z27IIfcp4/APQRkx0=</latexit><latexit sha1_base64="sIc8x+AgNsTnrrEYSS+Jc03sd/4=">AAAB7XicdZDLSgMxFIYz9VbrrepSkGARXJXEhZ2uLLpx2YK9QFtKJs20sZnMkGSEMnTp3o0LRdz6Cl35EO58Bl/CTKugoj8EPv7/HHLO8SLBtUHozcksLC4tr2RXc2vrG5tb+e2dhg5jRVmdhiJULY9oJrhkdcONYK1IMRJ4gjW90XmaN6+Z0jyUl2YcsW5ABpL7nBJjrUbHIwqe9fIFVEQIYYxhCrh0giyUy+4xdiFOI6vC6cu09n6zP6328q+dfkjjgElDBdG6jVFkuglRhlPBJrlOrFlE6IgMWNuiJAHT3WQ27QQeWqcP/VDZJw2cud87EhJoPQ48WxkQM9S/s9T8K2vHxne7CZdRbJik84/8WEATwnR12OeKUSPGFghV3M4K6ZAoQo09UM4e4WtT+D80josYFXENFSoumCsL9sABOAIYlEAFXIAqqAMKrsAtuAcPTujcOY/O07w043z27IIfcp4/APQRkx0=</latexit><latexit sha1_base64="sc/Z+y7SVF0YiVhM8yPnCpH7aJE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkkXdrorunFZwT6gHUomzbSxmWRIMkIZ+g9uXCji1v9x59+YaSuo6IELh3Pu5d57wkRwYxH68Apr6xubW8Xt0s7u3v5B+fCoY1SqKWtTJZTuhcQwwSVrW24F6yWakTgUrBtOr3K/e8+04Ure2lnCgpiMJY84JdZJnUFINLwcliuoihDCGMOc4PoFcqTR8GvYhzi3HCpghdaw/D4YKZrGTFoqiDF9jBIbZERbTgWblwapYQmhUzJmfUcliZkJssW1c3jmlBGMlHYlLVyo3ycyEhszi0PXGRM7Mb+9XPzL66c28oOMyyS1TNLloigV0CqYvw5HXDNqxcwRQjV3t0I6IZpQ6wIquRC+PoX/k06tilEV36BK01/FUQQn4BScAwzqoAmuQQu0AQV34AE8gWdPeY/ei/e6bC14q5lj8APe2ycrmI7R</latexit>

B
<latexit sha1_base64="mrEl/6Bmna5CBPrjU6DAv5887W0=">AAAB6HicdZDLSgMxFIbP1Futt6pLN8EiuBoytbR1ZdGNy1ZsK7RDyaRpG5u5kGSEMvQJ3LhQxK1P4cqHcOfbmGkVVPSHwM/3n0POOV4kuNIYv1uZhcWl5ZXsam5tfWNzK7+901JhLClr0lCE8sojigkesKbmWrCrSDLie4K1vfFZmrdvmFQ8DC71JGKuT4YBH3BKtEGN016+gO3jarlYKiNsY1xxik5qipXSUQk5hqQqnLy+XIBRvZd/6/ZDGvss0FQQpToOjrSbEKk5FWya68aKRYSOyZB1jA2Iz5SbzAadogND+mgQSvMCjWb0e0dCfKUmvmcqfaJH6neWwr+yTqwHVTfhQRRrFtD5R4NYIB2idGvU55JRLSbGECq5mRXREZGEanObnDnC16bof9Mq2g62nQYu1KowVxb2YB8OwYEK1OAc6tAECgxu4R4erGvrznq0nualGeuzZxd+yHr+AK67jwE=</latexit><latexit sha1_base64="YoNEkR18DeOyeAOxLpz+jAvnDwY=">AAAB6HicdZDLSgMxFIYz9VbrrepSkGARXA2ZsbR1ZdGNyxbsBdqhZNJMG5u5kGSEMnTpyo0LRdz6FF35EO58Bl/CTKugoj8Efr7/HHLOcSPOpELozcgsLC4tr2RXc2vrG5tb+e2dpgxjQWiDhDwUbRdLyllAG4opTtuRoNh3OW25o/M0b11TIVkYXKpxRB0fDwLmMYKVRvWzXr6AzJNKyS6WIDIRKlu2lRq7XDwuQkuTVIXTl2n9/WZ/WuvlX7v9kMQ+DRThWMqOhSLlJFgoRjid5LqxpBEmIzygHW0D7FPpJLNBJ/BQkz70QqFfoOCMfu9IsC/l2Hd1pY/VUP7OUvhX1omVV3ESFkSxogGZf+TFHKoQplvDPhOUKD7WBhPB9KyQDLHAROnb5PQRvjaF/5umbVrItOqoUK2AubJgDxyAI2CBMqiCC1ADDUAABbfgHjwYV8ad8Wg8zUszxmfPLvgh4/kDuLaRRg==</latexit><latexit sha1_base64="YoNEkR18DeOyeAOxLpz+jAvnDwY=">AAAB6HicdZDLSgMxFIYz9VbrrepSkGARXA2ZsbR1ZdGNyxbsBdqhZNJMG5u5kGSEMnTpyo0LRdz6FF35EO58Bl/CTKugoj8Efr7/HHLOcSPOpELozcgsLC4tr2RXc2vrG5tb+e2dpgxjQWiDhDwUbRdLyllAG4opTtuRoNh3OW25o/M0b11TIVkYXKpxRB0fDwLmMYKVRvWzXr6AzJNKyS6WIDIRKlu2lRq7XDwuQkuTVIXTl2n9/WZ/WuvlX7v9kMQ+DRThWMqOhSLlJFgoRjid5LqxpBEmIzygHW0D7FPpJLNBJ/BQkz70QqFfoOCMfu9IsC/l2Hd1pY/VUP7OUvhX1omVV3ESFkSxogGZf+TFHKoQplvDPhOUKD7WBhPB9KyQDLHAROnb5PQRvjaF/5umbVrItOqoUK2AubJgDxyAI2CBMqiCC1ADDUAABbfgHjwYV8ad8Wg8zUszxmfPLvgh4/kDuLaRRg==</latexit><latexit sha1_base64="vFVwwqzkwUqnWrqph+zjB4RVC6U=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNIYm3oBePCZgHJEuYncwmY2YfzMwKYckXePGgiFc/yZt/42wSQUULGoqqbrq7vFhwpTH+sHJr6xubW/ntws7u3v5B8fCoo6JEUtamkYhkzyOKCR6ytuZasF4sGQk8wbre9Drzu/dMKh6Ft3oWMzcg45D7nBJtpNbVsFjC9mW9Wq5UEbYxrjllJyPlWuWighyjZCjBCs1h8X0wimgSsFBTQZTqOzjWbkqk5lSweWGQKBYTOiVj1jc0JAFTbro4dI7OjDJCfiRNhRot1O8TKQmUmgWe6QyInqjfXib+5fUT7dfdlIdxollIl4v8RCAdoexrNOKSUS1mhhAqubkV0QmRhGqTTcGE8PUp+p90yraDbaeFS436Ko48nMApnIMDNWjADTShDRQYPMATPFt31qP1Yr0uW3PWauYYfsB6+wTwLoz6</latexit>

(CMS frame)
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Belle II: Full Event Interpretation 

Machine Learning
To differentiate “signal,” background 
events
• Input information

• Tags: full, partial (e.g. semileptonic)
• rest-of-event
• event shape
• vertexing

• ML Training: signal / background MC

FEI 3

multiplicity decay channels further complicate the re-
construction and require tight selection criteria.

Semileptonic tagging considers only semileptonic
B ! D`⌫ and B ! D⇤`⌫ decay channels [3, Section
7.4.2]. Due to the presence of a high-momentum lepton
these decay channels can be easily identified and the
semileptonic tagging usually yields a higher tag-side ef-
ficiency compared to hadronic tagging due to the large
semileptonic branching fractions. On the other hand,
the semileptonic tag will miss kinematic information
due to the neutrino in the final state of the decay.
Hence, the sample is not as pure as in the hadronic
case.

To conclude, the FEI provides a hadronic and semilep-
tonic tag for B± and B0 mesons. This enables the mea-
surement of exclusive decays with several neutrinos and
inclusive decays. In both cases the FEI provides an ex-
plicit tag-side decay chain with an associated probabil-
ity.

2 Method

The FEI algorithm follows a hierarchical approach with
six stages, visualized in Figure 2. Final-state parti-
cle candidates are constructed using the reconstructed
tracks and clusters, and combined to intermediate par-
ticles until the final B candidates are formed. The prob-
ability of each candidate to be correct is estimated by
a multivariate classifier. A multivariate classifier maps
a set of input features (e.g. the four-momentum or the
vertex position) to a real-valued output, which can be
interpreted as a probability estimate. The multivariate
classifiers are constructed by optimizing a loss-function
(e.g. the mis-classification rate) on Monte Carlo simu-
lated ⌥(4S) events and are described later in detail.

All steps in the algorithm are configurable. There-
fore, the decay channels used, the cuts employed, the
choice of the input features, and hyper-parameters of
the multivariate classifiers depend on the configuration.
A more detailed description of the algorithm and the
default configuration can be found in Keck [4] and in
the following we give a brief overview over the key as-
pects of the algorithm.

2.1 Combination of Candidates

Charged final-state particle candidates are created from
tracks assuming different particle hypotheses. Neutral
final-state particle candidates are created from clus-
ters and displaced vertices constructed by oppositely
charged tracks. Each candidate can be correct (sig-
nal) or wrong (background). For instance, a track used

Tracks Displaced Vertices Neutral Clusters

⇡
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K
0
L

K
0
S

⇡
+

e
+

µ
+

K
+ �

D
⇤0

D
⇤+

D
⇤
s

B
0

B
+

D
0

D
+

Ds

J/ 

K
0
S

Fig. 2: Schematic overview of the FEI. The algorithm
operates on objects identified by the reconstruction
software of the Belle II detectors: charged tracks, neu-
tral clusters and displaced vertices. In six distinct
stages, these basics objects are interpreted as final-state
particles (e+, µ+, K+, ⇡+, K0

L, �) combined to form in-
termediate particles (J/ , ⇡0, K0

S, D, D⇤) and finally
form the tag-side B mesons.

to create a ⇡+ candidate can originate from a pion
traversing the detector (signal), from a kaon traversing
the detector (background) or originates from a random
combination of hits from beam-background (also back-
ground).

All candidates available at this stage are combined
to intermediate particle candidates in the subsequent
stages, until candidates for the desired B mesons are
created. Each intermediate particle has multiple possi-
ble decay channels, which can be used to create valid
candidates. For instance, a B� candidate can be created
by combining a D0 and a ⇡� candidate, or by combin-
ing a D0, a ⇡� and a ⇡0 candidate. The D0 candidate
could be created from a K� and a ⇡+, or from a K0

S

and a ⇡0.
The FEI reconstructs more than 100 explicit decay

channels, leading to O(10000) distinct decay chains.

2.2 Multivariate Classification

The FEI employs multivariate classifiers to estimate the
probability of each candidate to be correct, which can
be used to discriminate correctly identified candidates
from background. For each final-state particle and for
each decay channel of an intermediate particle, a mul-
tivariate classifier is trained which estimates the signal
probability that the candidate is correct. In order to
use all available information at each stage, a network

it into a new variable:370

C 0
out = ln

✓
Cout � Cout,min

Cout,max � Cout

◆
, (5)

which can be parametrized by one or more Gaussian functions. Here, Cout,min = 0.6 and371

Cout,max ' 1. With the Cout,min criterion, we reject about 89% of the continuum background372

with a 18% relative loss in signal e�ciency.373
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FIG. 2. Distributions of BDT output obtained for signal and background MC events.
374

375

After the final selection and background suppression, we find that the average number376

of B candidates per event is 1.009. The multiple candidates mostly arise due to a random377

combination of final-state particles. To select the best candidate in events with multiple378

candidates, we first compare the ⇡0 mass-constrained fit �2 probability (‘p-value’). In case379

there are more than one candidates sharing the same ⇡0 mass-constrained fit p-value, we380

pick up the one with the best K0
S vertex fit p-value. Our best candidate selection retains381

74% of the time the correct B candidate in events with multiple B candidates.382

The e�ciency of correctly reconstructed signal events after all the selection is 12.3%, and383

the fraction of self cross-feed (SCF) events is 1.5%. As the SCF fraction is small, we consider384

both correctly reconstructed and SCF events as part of the signal.385

To facilitate a time-dependent analysis in absence of any charged particles directly coming386

from the B0 meson, we make use of the interaction point (IP) constraint for inferring the B0
387

decay vertex. For this, the flight direction of each K0
S candidate is required to be consistent388

with the direction of its vertex displacement with respect to the IP. On the other hand,389

the tag-side vertex is obtained using well-reconstructed tracks that are not assigned to the390

B0 ! K0
S⇡

0 decay. We determine the flavor of the tag-side B meson (q) from properties391

of particles that are not associated with the reconstructed B0 ! K0
S⇡

0 decay. The Belle II392

flavor tagging algorithm [17] returns, as the tagging decision, q = +1 (�1) when the tagged B393

meson is a B0 (B0), and the tagging dilution, r that ranges from 0 (no flavor discrimination)394

to 1 (unambiguous flavor assignment).395
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example

signal

background

ML output parameter

➔30%-50% efficiency improvement 
vs Belle full reconstruction

B̄
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Belle II: improve through resolution, (much) better statistics
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Brief history & status

e+e– B-factories (≈equal #’s                               )
• Belle (1999-2010) 772M events, each; ≈600 papers published
• Babar (1999-2008) 465M; ≈600 published
• Belle II (2019- )

– 189.3 fb–1 ≈190M: results reported here
– to date: ≈290 M collected; ultimate goal = 50G (>100X)
– published /submitted physics results so far

• Integrated luminosity [Chinese Physics C 44, 021001 (2020)]
• search for invisible Z’ [PRL 124, 141801 (2020)]
• search for Axion-like [PRL 125, 161806 (2020)]
• search for           [PRL 127, 181802 (2021)]
• D0 and D+ lifetimes [PRL 127, 211801 (2021)]
• Belle+Belle II, CKM angle 𝜑3 [JHEP 02 2022, 063 (2022)]

<latexit sha1_base64="x5DYBPN4wITHqy4dxV8RQjDDhmY="></latexit>

BB̄, cc̄, ⌧+⌧�

<latexit sha1_base64="TMDjlZQo9yGcBR3SHqAja6d8RNI=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQ6a0td0V3AhuKtgHdIaSSTNtaCYz5CGUob/hxoUibv0Zd/6NaTuCih643MM595KbE6acKY3Qh7O2vrG5tV3YKe7u7R8clo6OuyoxktAOSXgi+yFWlDNBO5ppTvuppDgOOe2F06uF37unUrFE3OlZSoMYjwWLGMHaSv6NL4wfYgltH5bKyK3UULOBIHLREpbUkNese9DLlTLI0R6W3v1RQkxMhSYcKzXwUKqDDEvNCKfzom8UTTGZ4jEdWCpwTFWQLW+ew3OrjGCUSFtCw6X6fSPDsVKzOLSTMdYT9dtbiH95A6OjRpAxkRpNBVk9FBkOdQIXAcARk5RoPrMEE8nsrZBMsMRE25iKNoSvn8L/SbfienW3elsttxp5HAVwCs7ABfDAJWiBa9AGHUBACh7AE3h2jPPovDivq9E1J985AT/gvH0C6teRmQ==</latexit>

K⌫⌫̄
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Belle II NEW results
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charm lifetimes
experimental: pareal widths require full; 𝜞par$al= B x 𝜞 = B/𝝉
Belle II 72 fb–1: 
PRL 127, 211801 (2021) 
BEST

PDG
(410.1±1.5) fs

(1040±7) fs

<latexit sha1_base64="Iuw+HYFS59YZrXEyt9oLji86QM4="></latexit>

⌧(D0) = (410.5± 1.1stat ± 0.8sys) fs
<latexit sha1_base64="udVrVO2Mn/ONzIgyzj7uE1BVUZU="></latexit>

⌧(D+) = (1030.4± 4.7stat ± 3.1sys) fs
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6B;m`2 k, h?2 /2+�v@iBK2 /Bbi`B#miBQM Q7 Λ+
c → pK−π+ 2p2Mib BM i?2 bB;M�H `2;BQM UiQTV

�M/ bB/2#�M/b U#QiiQKV rBi? }i T`QD2+iBQMb Qp2`H�B/X

iBK2b i?2 BMi2;`�i2/ HmKBMQbBiv Q7 i?2 /�i� �M/ mbBM; bBKmH�i2/ /�i�b2ib ;2M2`�i2/ #vRR8

`�M/QKHv b�KTHBM; i?2 HB72iBK2 S.6 /2i2`KBM2/ 7`QK � }i iQ i?2 /�i�X �HH HB72iBK2 }ib iQRRe
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h?2 Λ+
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h?2 bvbi2K�iB+ mM+2`i�BMiv Bb +�H+mH�i2/ 7`QK i?2 bmK BM [m�/`�im`2 Q7 BM/BpB/m�H +QM@RkR

i`B#miBQMb 7`QK i?2 bQm`+2b HBbi2/ BM h�#H2 R �M/ /2b+`B#2/ #2HQrXRkk

*Q``2H�iBQMb #2ir22M i?2 /2+�v iBK2 �M/ i?2 /2+�v iBK2 mM+2`i�BMiv �`2 M2;H2+i2/ BMRkj

i?2 HB72iBK2 }i- r?B+? `2bmHib BM �M BKT2`72+i /2b+`BTiBQM Q7 i?2 /2+�v iBK2 /Bbi`B#miBQM �bRk9
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NEW 𝛬c 207 fb–1
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<latexit sha1_base64="f4ai0F+I/F6kSn5MKppEk8qVwJc="></latexit>

⌧(⇤c) = (204.12± 0.84stat ± 0.69sys) fs
PDG (202.4±3.1) fs
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Navid K. Rad Moriond 2022

Dark Higgsstrahlung

● Next-to-minimal U(1)’ extension of the SM
○ spontaneous symmetry breaking (analogous to SM)

⇒ massive dark photon (A’) and a dark higgs (h’)

○ A’ couples to SM only via kinetic mixing (ϵ)

○ kinetic mixing parameter expected ~10-2-10-4

● Mass hierarchy scenarios:
○ M

h’ 
> M

A’
 :

● dominant decay: h’ → A’ A’(*)

● signature: 6 charged tracks

● probed by Belle, BaBar

○ M
h’ 

< M
A’

 (considered in this analysis)

● long-lived h’ → invisible decay

● signature: missing energy and 

OS charged tracks (here μ+μ-) 

● partly probed by KLOE

11

M
A’

M
h

’

μ- 

μ+ 

α
D

New from 
Belle II 

⇒ Exploring unconstrained territories at BelleII!

BelleII

h′

Search for Darkhiggstrahlung

39

90% CL upper limits on 𝝐𝟐 × 𝜶𝑫

90% CL upper limits on the cross section

Supplemental material Figures
non-SM
2-track trigger: 8.34 fb–1

Mµµ

missing mass

σ ∝ |ε2 αD|2

dark Higgs+dark photon
e+e– → h’ A’ {→ µ+µ–}

Belle II preliminary
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B0 ! D⇤�`+⌫

SM: spectator ➔ |Vcb|
• experimental considerations 

– FEI, 𝜈 via missing mass 
➔ clean exclusive 

reconstruction

b c
q

W-

l
νl

• B to |Vcb|: Heavy Quark Effective Theory (HQET)
➔ q2 distribution/form factor

[PDG: (5.06±0.12)%]
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= (5.27± 0.22stat ± 0.38sys)%

<latexit sha1_base64="zrI/J6D0HYNSNPxlsgNzqiVrj2Y=">AAACCnicbVDLSgMxFM3UV62vUZduokWoimVGinZZqguXFewDOm3JpGkbmskMSUYow6zd+CtuXCji1i9w59+YaWehrQcCh3Pu5eYcN2BUKsv6NjJLyyura9n13Mbm1vaOubvXkH4oMKljn/mi5SJJGOWkrqhipBUIgjyXkaY7vk785gMRkvr8Xk0C0vHQkNMBxUhpqWceRg5GDFbjQrVrOcqHN93o9Dx2CGPdM4eHJ7membeK1hRwkdgpyYMUtZ755fR9HHqEK8yQlG3bClQnQkJRzEicc0JJAoTHaEjamnLkEdmJplFieKyVPhz4Qj+u4FT9vREhT8qJ5+pJD6mRnPcS8T+vHapBuRNRHoSKcDw7NAgZ1JGTXmCfCoIVm2iCsKD6rxCPkEBY6faSEuz5yIukcVG0L4ulu1K+Uk7ryIIDcAQKwAZXoAJuQQ3UAQaP4Bm8gjfjyXgx3o2P2WjGSHf2wR8Ynz9K5Ji2</latexit>

B(B0 ! D⇤�`+⌫)
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B0 ! D⇤�`+⌫

=1 at q2
max

the generated signal event passes the event selection, it is judged as reconstructed signal. All347

other selected events are judged as reconstructed background events. The value of Nbg and348

ε are estimated from MC. The value of NBB is determined using the R2 distribution with a349

subtraction of the continuum background using off-resonance data. f+0, B
(
D∗− → π−D0),350

B
(
D∗0 → π0D0) and B

(
D0 → K+π−) are referred from PDG 2020 [13]. The input vari-351

ables for the branching ratio measurements are summarized in Table I. The central value of352

branching ratio is estimated as follows:353

B
(
B0 → D∗−l+ν!

)
= 5.27(%) (3)

TABLE I. List of the input variables for the measurement of branching ratio and Γ.

Variables Values

N rec 545 (data)

N rec 535 ± 38 (MC)

Nbg 29.4 ± 11.2

ε 9.55 ± 0.67 ×10−4

NBB 197.17 ×106 ± 2.9%

f+0 1.058 ± 0.024

B
(
D∗− → π−D0

)
0.677 ± 0.005

B
(
D0 → K+π−

)
0.03950 ± 0.00031

5. MEASUREMENT OF |Vcb|354

The differential branching ratio of B0 → D∗− l+ ν! as a function of w is written as355

follows [2] [14]:356

dΓ

dw
=

η2EWG2
F

48π3 m3
D

∗(mB −mD
∗)2g(w)F 2(w)|Vcb|2 (4)

Here, ηEW is the electroweak correction (calculated to be 1.0066 in [15]). From lattice357

QCD, F (1) is calculated as F (1) = 0.906 ± 0.004(stat.) ± 0.012(syst.) [15]. The product358

g(w)F 2(w) describe the phase space factor and form factor, which can be parametrized359

with R1(1), R2(1), ρ
2 in the CLN parameterization [16]. The CKM matrix element |Vcb| can360

be estimated by fitting the dΓ
dw with the form factors. However, here instead the product361

ηEWF (1)|Vcb| is measured in order to separate theory uncertainty of the ηEW and F (1).362

5.1. Fitting method363

In order to estimate the true w distribution from the reconstructed w distribution, an it-
erative unfolding method [17] is used. The number of produced signal events, N, is estimated

10

➜|Vcb|=0.0379±0.0027

EW correction
(theory)

phase space

form factor (theory)
Parametrized shape
lattice eval at w=1

<latexit sha1_base64="MCl3BkB6HT78PugBWw6zXP/6xHY=">AAACF3icbZDLSsNAFIYn9VbrrerSTbAIIhiSUrQboagLlxXsBdo0TKaTduhMEmcmSgl5Cze+ihsXirjVnW/jpA2irT8M/HznHM6c3w0pEdI0v7TcwuLS8kp+tbC2vrG5VdzeaYog4gg3UEAD3nahwJT4uCGJpLgdcgyZS3HLHV2k9dYd5oIE/o0ch9hmcOATjyAoFXKKxv1Z1+MQxcw575WPmRNf9uKjJFH+tldO4rLiPzApOMWSaZgT6fPGykwJZKo7xc9uP0ARw75EFArRscxQ2jHkkiCKk0I3EjiEaAQHuKOsDxkWdjy5K9EPFOnrXsDV86U+ob8nYsiEGDNXdTIoh2K2lsL/ap1IelU7Jn4YSeyj6SIvoroM9DQkvU84RpKOlYGIE/VXHQ2hikmqKNMQrNmT502zbFgnRuW6UqpVszjyYA/sg0NggVNQA1egDhoAgQfwBF7Aq/aoPWtv2vu0NadlM7vgj7SPb6g9nvU=</latexit>

w =
m2

B �m2
D⇤ � q2

2mBmD⇤

b c
q

W-

l
νl
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B0 ! ⇡�e+⌫

SM: spectator ➔ |Vub|
• experimental & theoretical (similar to |Vcb|) 

similar experimental/theoretical approach
3 bins of q2; fit for form factor; evaluate at w=1

M2
miss Distributions in Data for B0 Ñ ⇡´e⌫e , 3 q2 bins

N.Toutounji Physics 07.03.22 16 / 32
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B ! ⇡e+⌫
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B+ ! ⇡0e+⌫

|Vub|: q2 distribution
|Vub| Extraction, Summary

Decay mode Fitted |Vub| Fit �2{2
Asimov data

B
0 Ñ ⇡´

e
`⌫e (3.94 ˘ 0.60) ˆ10´3 0.07

B
` Ñ ⇡0

e
`⌫e (3.88 ˘ 0.56) ˆ10´3 0.10

Combined fit (3.87 ˘ 0.44) ˆ10´3 0.12

Data

B
0 Ñ ⇡´

e
`⌫e (3.71 ˘ 0.55) ˆ10´3 0.16

B
` Ñ ⇡0

e
`⌫e (4.21 ˘ 0.63) ˆ10´3 0.02

Combined fit (3.88 ˘ 0.45) ˆ10´3 0.32

N.Toutounji Physics 07.03.22 31 / 32

|Vub| Extraction, Summary

Decay mode Fitted |Vub| Fit �2{2
Asimov data
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B
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e
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e
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Exclusive Measurements of |Vub| and |Vcb|

Measuring |Vub| B ! ⇡e⌫e with tagging

⌥(4S)

B0
tag/B

�
tag

B̄0/B�

⇡+/⇡0

e
�

⌫̄e

e+e�

m2
miss = (pe+e��pBtag�pe�p⇡)

2

q2 = (pe+e� � pBtag � p⇡)
2

dB
dq2 (B ! ⇡`⌫) / |M|

2
/ |Vub|

2f 2
+(q

2)

LQCD Fermi MILC, Phys.Rev.D 92 (2015) 1 014024, arXiv:1503.07839.

William Sutcli↵e Semileptonic B decays at Belle II 14 March 2022, Moriond EW 5 / 14
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B ! ⇡e+⌫

B=(1.43±0.27stat±0.07sys)x10–4

B=(8.33±1.67stat±0.55sys)x10–5
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B0 lifetime and mixing 𝛥md

SM: benchmark for CP asymmetry measurements

Vertex reconstruction
• fully reconstructed hadronic 

• + Belle flavor tag – 7 quality bins, dilution factors wi
Time distributions: same/opposite flavor

B
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f(�t0) =
e�|�t0|/⌧B0

4⌧B0
(1 + qD cos�md�t0)

q = 1 opp flavor
q = –1 same flavor
D = 1–2w
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values for ⌧ and �md, and the deviations from the331

nominal values are summed in quadrature to yield332

a systematic uncertainty.333

• Possible misalignment of the detector might bias334

the analysis. The alignment procedure of Belle II335

is described in [31]. To evaluate the systematic un-336

certainty related to detector alignment, signal sim-337

ulation events are reconstructed with 4 alternative338

misalignment scenarios, where the maximal devia-339

tion from the nominal configuration is assigned as340

Alignment uncertainty.341

• The di↵erence between the momentum scale in342

data and in the simulation is measured to be less343

than 0.1% and has a very small impact on the anal-344

ysis.345

• The Analysis bias relates to the di↵erence between346

the generated �md and ⌧B0 values and the mean347

values obtained using 1000 pseudo-experiments348

sampled (i.e. bootstrapped) from simulation.349

• To assess a possible bias stemming from multiple350

candidates, the mixing fit is repeated by removing351

multiple candidates at random. The di↵erence of352

this fit result with respect to the nominal is taken353

as a systematic uncertainty.354

• In the implementation of the fitter used to min-355

imise Eq. 6, ��t is not exactly used as a conditional356

parameter. Instead, the ��t distributions are his-357

togrammed in each of the r bins and separately for358

OF and SF events. In addition, in the nominal fit,359

the histograms are smoothed using a fit with an an-360

alytical shape. To assess a systematic uncertainty361

related to the treatment of ��t, the number of bins362

in the ��t histograms are varied and the smoothing363

is switched o↵. The largest variation with respect364

to the nominal is assigned as a systematic uncer-365

tainty.366

• The B0 ! D(⇤)�K+ fraction with respect to B0 !367

D(⇤)�⇡+ is varied within its uncertainty stemming368

from two sources. The first source is due to the369

uncertainty on the previous measurements of the370

B0 ! D(⇤)�h+ branching fractions. The second371

source is related to e�ciency of the particle iden-372

tification requirement placed on the h+: the dif-373

ference between the B0 ! D(⇤)�K+ fraction when374

computing the e�ciency of that requirement using375

the simulation or calibration samples from the real376

data is assigned as a systematic uncertainty.377

• The uncertainty related to the BB �E shape is378

evaluated by using a second-degree polynomial with379

both coe�cients free and shared among all r bins,380

in place of the fourth-degree polynomial with all381

coe�cient fixed from the simulation. In that case,382

to ensure that the fit converges, the qq �E expo-383

nential slope is determined by fitting a sample of384

data recorded at a centre-of-mass energy below the385

⌥ (4S) threshold.386

• The uncertainty related to the qq �E shape is de-387

termined by using a second-degree polynomial with388

both coe�cient free in place of the exponential389

shape.390

• The uncertainty related to the C shape is computed391

by performing the background subtraction using a392

one dimensional �E fit. In that case, the fraction393

of BB to signal events is fixed from its value in the394

simulation.395

• The determination of �t depends on the beam spot396

position and size, the collision boost vector and the397

centre-of-mass energy. All these quantities are con-398

tinuously monitored and are measured with some399

uncertainty. To asses the impact of these uncertain-400

ties on the ⌧B0 and �md measurement, the analy-401

sis on the simulation is repeated several time with402

these parameters shifted up and down by their re-403

spective uncertainties.404

Several cross-checks are performed. Possible correla-405

tions between �E or C and �t or ��t could alter the406

background subtraction and, subsequently, bias the re-407

sult. To make sure that it is not the case, the fit �E;C408

fit is repeated and the sWeights are computed in two bins409

of �t: �t < 0 ps and �t > 0 ps, or also |�t| < 1.15 ps410

and |�t| > 1.15 ps. In both cases, no di↵erence in the fi-411

nal fit result is seen. This gives confidence that a possible412

bias in the fit result related to possible small correlations413

is well covered by the analysis bias. Another cross-check414

consists in extracting the ⌧ and �md values separately415

for the B0 ! D�h+ modes and B0 ! D⇤�h+ modes,416

showing good statistical compatibility. Good compatibil-417

ity is also found between the data taken in di↵erent time418

periods. Finally, the fit is repeated using an alternative419

resolution model: the sum of three Gaussian functions420

is used, i.e. the same parameterisation as the one used421

by the BaBar collaboration (see e.g. Ref. [7]). The dif-422

ferences in the ⌧ and �md results seen when using this423

alternative parameterisation are well covered by the res-424

olution function systematic uncertainty.425

The B0 lifetime and B0B0 mixing frequency are mea-426

sured using hadronic decay channels in data collected at427

a center-of-mass energy at or near the ⌥ (4S) resonance428

corresponding to a size of 190 fb�1. The resulting values429

obtained are430

⌧B0 = 1.499± 0.013 (stat.)± 0.008 (syst.) ps,

�md = 0.516± 0.008 (stat.)± 0.005 (syst.) ps�1.

The measurement is consistent with the world average.431

Compared to the most precise measurement of the same432

quantities from the Belle collaboration [5], the statis-433

tical uncertainties are larger because this analysis uses434
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B0 ! K0⇡0

SM: time-dependent  CP asymmetry

ACP: Kπ isospin sum rule

K0π0: only at e+e– B-factory, most challenging

NP: may appear as ACP≠0

1. INTRODUCTION268

Decays mediated by flavor-changing neutral currents such as B0 ! K0⇡0 are suppressed269

in the standard model (SM) and provide an indirect route to search for beyond-the-SM270

physics [1]. The latter is accomplished by checking consistency between measurements and271

corresponding theory predictions, since new particles may enter the loop a↵ecting various272

observables. One such observable probed at flavor factories is the asymmetry due to CP273

violation, which arises because of an irreducible phase in the Cabibbo-Kobayashi-Maskawa274

(CKM) matrix [2] of the quark sector within the SM.275

At Belle II, pairs of neutral B mesons are coherently produced in the process e+e� !276

⌥ (4S) ! B0B0. When one of these mesons decays to a CP eigenstate fCP (e.g. K0
S⇡

0) and277

the other to a flavor-specific final state ftag, the time-dependent decay rate is given as278

P(�t) =
e�|�t|/⌧

B
0

4⌧B0
[1 + q{ACP cos(�md�t) + SCP sin(�md�t)}], (1)

where �t = tCP � ttag is the proper time di↵erence between the decay into fCP and ftag, q279

is the flavor of ftag being +1 (�1) for the B0 (B0) decay to ftag, �md is the B0–B0 mixing280

frequency, and ⌧B0 is the B0 lifetime. The quantity ACP is a measure of direct CP violation,281

and SCP denotes CP violation due to interference between decays with and without B0–B0
282

mixing.283

The CKM and color suppression of the tree-level b ! suu transition means that B0 !284

K0
S⇡

0 decays are dominated by the top-quark mediated b ! sdd loop diagram, which carries285

a weak phase arg(VtbV
⇤
ts); Vij denote the CKM matrix elements. If subleading contributions286

are small, SCP is expected to be equal to sin 2�1 and ACP ⇡ 0. Further, B0 ! K0
S⇡

0 decays287

comprise a key component in improving the sensitivity of an isospin sum-rule proposed by288

Gronau [3]. The sum rule, given by289

IK⇡ = AK
+
⇡
� +AK

0
⇡
+
B(K0⇡+)

B(K+⇡�)

⌧B0

⌧B+
� 2AK

+
⇡
0
B(K+⇡0)

B(K+⇡�)

⌧B0

⌧B+
� 2AK

0
⇡
0
B(K0⇡0)

B(K+⇡�)
= 0, (2)

properly accounts for subleading amplitudes by combining the branching fraction (B) and290

ACP values measured in B decays to four possible K⇡ final states: K+⇡�, K0⇡+, K+⇡0, and291

K0⇡0. A precise measurement of B and ACP in these channels thus represents an important292

consistency test of the SM, as described in Eq. (2). Related measurements in B0 ! K0⇡0
293

decays have been reported by Belle [4, 5] and BaBar [6, 7]. With the data size anticipated at294
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B0 ! K0⇡0

Branching fraction, ACP

Final results

Observable Fitted value WA[1] value
B(B0 ! K 0⇡0)⇥ 10�6 11.0± 1.2(stat)± 1.0(syst) 9.9± 0.5

ACP �0.41+0.30
�0.32(stat)± 0.09(syst) �0.01± 0.10

Nsig = 135.0+16.0
�15.0

B and ACP is consistent with PDG value within uncertainty!
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FIG. 3. Signal enhanced 4D fit projections for the q · r integrated sample.

5. SYSTEMATIC UNCERTAINTIES438

Various sources of systematic uncertainties contributing to the branching fraction and439

direct CP asymmetry are reported in Tables I and II, respectively. We assume these sources440

to be independent and add their contributions in quadrature to get the total systematic441

uncertainty.442

5.1. Systematic uncertainties on the branching fraction443

• Tracking e�ciency: The systematic uncertainty due to possible data-MC discrep-444

ancies in the reconstruction of charged particles is 0.3% for per track[22]. We linearly445

add this uncertainty corresponding to each of the two pion tracks coming from the K0
S446

decay in the signal side.447
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5. SYSTEMATIC UNCERTAINTIES438

Various sources of systematic uncertainties contributing to the branching fraction and439

direct CP asymmetry are reported in Tables I and II, respectively. We assume these sources440

to be independent and add their contributions in quadrature to get the total systematic441

uncertainty.442

5.1. Systematic uncertainties on the branching fraction443

• Tracking e�ciency: The systematic uncertainty due to possible data-MC discrep-444

ancies in the reconstruction of charged particles is 0.3% for per track[22]. We linearly445

add this uncertainty corresponding to each of the two pion tracks coming from the K0
S446

decay in the signal side.447
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B0 ! K0
S⇡

0�

SM b➙s 𝛾:  𝛾 polarization is flavor-specific due to V-A
➙ CP asymmetry suppressed

NP may appear as time-dependent CP asymmetry

E�ciency systematics

MC sample size 0.2 %

MC generation 2.0 %

⇡0 reconstruction 5.5 %

K0
S reconstruction 3.5 %

⇡0-⌘ veto 1.9 %

� selection 0.3 %

Continuum suppresion 3.0 %

Total e�ciency 7.7 %

Fit bias 11.5 %

Number of B0B0 pairs syst 2.9 %

f00 systematic 1.2 %

Total systematic on B 14.2 %

TABLE II: List of systematic uncertainties a↵ecting the measurement of the B0 ! K0
S⇡

0�
branching fraction.

common to all toy datasets to correctly take into account the Poissonian fluctuation in the164

estimation of the statistical uncertainties. We observe an overestimation in the signal yield165

and assign a systematic uncertainty of 11.5 %. We tried to reduce this systematic by testing166

di↵erent fitting function or fitting the peaking B+B� background around �0.3 GeV, but no167

improvements were observed after changing the fitting procedure. A systematic uncertainty168

of 2.9 % is assigned to the uncertainty in the number of BB̄ events. A systematic uncertainty169

of 1.2 % is assigned to the branching fraction of ⌥ (4S) going to BB from [17].170

5. CONCLUSION171

Using 190 fb�1 of data recorded with the Belle II experiment, We have reported a new
measurement of the branching fraction for the B0 ! K0

S⇡
0� decay with larger statistics than

reported in [4]. The measured branching fraction for these decays is

B
�
B0 ! K0

S⇡
0�
�
= (7.3± 1.8 (stat)± 1.0 (syst))⇥ 10�6, (4)

which is compatible with the PDG value of (7.0± 0.4)⇥ 10�6 [17].172

7

Branching fraction

121±29

Belle II preliminary
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• 𝜑2 via BF/isospin relations

• polarization-dependent
NP: Direct CP asymmetry ACP
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B± ! ⇢±⇢0

9. RESULTS443

Distributions of fit observables for B+ ! ⇢+⇢0 candidates reconstructed in a data sample444

corresponding to 189.25 fb�1 of integrated luminosity are shown are shown in Figs. 27, 28445

with fit projections overlaid. Broadly-peaking signal structures are visible in the energy-446

di↵erence and dipion mass distributions, otherwise dominated by the smooth continuum447

and BB background components. The results of the fit are in Tab. XIV.448
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FIG. 27. Distributions of �E (top left), transformed continuum suppression output (bottom left),
m(⇡+⇡0) (top middle), cos⇥+

⇢ (bottom middle), m(⇡+⇡�) (top right), cos⇥0
⇢ (bottom right) for

B+ ! ⇢+⇢0 decays reconstructed in the 189.25 fb�1 data sample, after applying the selection. The
projection of an unbinned maximum likelihood fit is overlaid.

The final results obtained by correcting the observed event yields for selection and re-449

construction e�ciencies and number of produced B̄B pairs, and instrumental asymmetries450

are451

B(B+ ! ⇢+⇢0) = [23.2+ 2.2
� 2.1(stat) ± 2.7(syst)] ⇥ 10�6,452

fL = 0.943+ 0.035
� 0.033(stat) ± 0.027(syst),453

ACP = �0.069 ± 0.068(stat) ± 0.039(syst).454

where the various sources of systematic uncertainty are assumed to be independent and their455

corresponding uncertainties are therefore added in quadrature.456

All results are consistent with known determinations, with precisions consistent with expec-457

tations from simulation and comparable (at given luminosity) with the best Belle perfor-458

mance [15]. Uncertainties are dominated by the statistical component.459
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fL = 0.943+0.035
�0.033 ± 0.027

longitudinal polarization fraction fL

cos(helicity angle)

𝜌+ 𝜌0
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SM: suppressed (CKM unitarity)
NP may appear in anomalies of
• branching fraction(s)

– lepton universality µ/e

• Angular distributions

US Belle II School Phillip URQUIJO

B → K(*) µ µ, B → K(*) e e

 57Florian Bernlochner BPAC Report for the Missing Energy and EWP Physics Groups 8

Physics Motivation

Radiative and Electroweak Penguin WG


⇾ e.g. B → Xs/d ɣ, B → Xs/d !!

MoriondEW, Mar 19, 2016 Experimental Summary

Flavour anomalies
b → s µ+µ– continues to produce interesting results, more channels added

LHCb showed results with full angular analyses for K*µµ 
(8 independent CP-averaged observables).                      
Best experimental precision on AFB, FL, …

Also angular and diff. BR analysis of Bs → φµµ, and diff. 
BR analysis of B+ → K+µµ

Johannes Albrecht
Searches for New Physics in b → s l+l   

Johannes Albrecht 

Introduction

Rare B and D decay measurements at LHC and the TeVatron

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
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Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.
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•  SM: Flavour changing neutral currents only at loop-level  
•  b → s l+l  give a unique glimpse to higher scales: 

experimentally and theoretically clean 

13. March 2016 3/19 
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Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy
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Global fit with new physics parameterisation (C9
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]4c/2 [GeV2q
5 10 15

]
4 c

-2
G

eV
-8

 [
1

0
2

q
)/

d
µ

µ
φ

→
s0

B
d

B
( 0

1

2

3

4

5

6

7

8

9

SM pred.
SM (wide)
SM LQCD
Data
Data (wide)

LHCb

Differential branching ratio of Bs → φµµ decay 

P’5 measurements from ATLAS & CMS in work

The Decay Topology

The decay is completely described by:
✓`, ✓K , � and q2 = M2

`+`�

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 4/15
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Figure 3 – Comparison of observables in B0 � �+��K� from Babar [30], Belle [31], CDF [32], CMS [33], Atlas [34]
and LHCb [35]. The theoretical prediction is taken from Ref. [36]. From left to right, the di�erential decay width,
the forward-backward asymmetry AFB, and the K� longitudinal polarisation fraction FL. All observables are
plotted in bins of the dilepton mass squared q2.

4 Rare electroweak decays84

The family of decays b ! s`+`� is a laboratory of new physics on its own. In particular the85

exclusive decay B0 ! K�0`+`� (` = e, µ) provides a very rich set of observables with di�erent86

sensitivities to new physics and for which theoretical predictions are available and a�ected by87

varying levels of hadronic uncertainties. In the case of some ratios of observables most of these88

uncertainties cancel, thus providing a clean test of the Standard Model [24–29].89

The di�erential decay width with respect to the dilepton mass squared q2, the well-known90

asymmetry of the dimuon system AFB, and the longitudinal polarisation fraction FL of the K�
91

resonance have been measured by many experiments [30–35] with no significant sign of deviations92

from the SM expectation. A comparison of all experimental measurements is shown in Figure 3.93

In a second analysis of the already published [35] 2011 data, LHCb published another set of94

angular observables [37] suggested by Ref. [29]. This data showed a 3.7� local deviation of the95

P �
5 observable from the Standard Model expectation in one bin of q2, shown in Fig. 4 (right).96

This observable is defined as P �
5 = S5/

p
FL(1 � FL), where S5 is an asymmetry between two97

regions (shown in red and blue) in cos �K and �, as defined in Fig. 4 (left).98

This measurement triggered a lot of interest in the theory community, with numerous at-99
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Figure 3: (Top left) Definitions of decay angles. (Bottom left) Definition of the S5 angular variable, the
asymmetry between the red and blue regions. (Right) Comparison of the LHCb data and the theory predic-
tion from [14] for the P0

5 variable in bins of lepton invariant mass squared, q2.

measurement has been recently updated with the full Run 1 dataset and shown at the Moriond
conference. The discrepancy is apparent in the 2012 data as well in the q2 region between 4 and
8 GeV. These results have triggered much interest in the theory community and it remains to be well
understood if this fluctuation can be explained by an underestimate of form factor uncertainties or
is a hint of new physics. There are some theoretical models which can explain this result and the
P0

5 anomaly with very large mass Z-like particle. It remains to be seen whether these measurements
are cemented with new data or not.

3.3 Lepton universality in B+ ! K+`+`�

In the SM the ratio of branching fractions of the B+ ! K+µ+µ� and B+ ! K+e+e� decays,
RK , is expected to be unity within 1 per mille. The decay diagrams for these are similar to the
B0 ! K⇤0`+`� decays which proceed in the SM via a penguin or box b ! s transition instead with
a u as the spectator. This is highly sensitive to flavour violating new physics in the loops. The
experimental challenge for LHCb is in the electron final state, both in terms of statistics, exper-
imental precision and systematic uncertainties. The ratio of branching fractions RK is computed
using the double ratios with the B+ ! K+J/y (! `+`�) to cancel the systematic uncertainties,
this makes the reasonable assumption of lepton universality for the J/y . The invariant mass dis-
tributions for the two decays are shown in Fig. 4 and the value of RK in comparison to other
experiments is shown in Fig. 5. The LHCb measured value of RK is lower than the SM prediction
at RK = 0.745+0.090

�0.074(stat)±0.036(syst) which is compatible at the 1% level.
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2017 ATLAS & CMS results, and lepton-flavor-dependent
angular analysis by Belle

Belle: PRL 118, 111801 (2017)

• Largest deviation of 2.6�
from the SM for the muon
channel for
4 < q2 < 8 GeV4/c2.

• Electron channel deviation
of 1.1�.

• Belle II and LHCb will be
comparable for this process.

• Belle II will be able to
perform an isospin
comparison of K⇤+ and
K⇤0, or the ground states
K.

Plot: S. Wehle

Belle II sensitivity of P
0
5

q2
(GeV 2

) Belle Belle II (50ab
�1

)

0.10 - 4.00 0.416 0.059

4.00 - 8.00 0.277 0.040

10.09 - 12.00 0.344 0.049

14.18 - 19.00 0.248 0.033

P. Goldenzweig Belle II & correlation w/HL-LHC 31.10.2017 19 / 36

Sensitive to interference 
between Z/γ/W diagrams
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Physics Motivation

Radiative and Electroweak Penguin WG


⇾ e.g. B → Xs/d ɣ, B → Xs/d !!

MoriondEW, Mar 19, 2016 Experimental Summary

Flavour anomalies
b → s µ+µ– continues to produce interesting results, more channels added

LHCb showed results with full angular analyses for K*µµ 
(8 independent CP-averaged observables).                      
Best experimental precision on AFB, FL, …

Also angular and diff. BR analysis of Bs → φµµ, and diff. 
BR analysis of B+ → K+µµ

Johannes Albrecht
Searches for New Physics in b → s l+l   

Johannes Albrecht 
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•  SM: Flavour changing neutral currents only at loop-level  
•  b → s l+l  give a unique glimpse to higher scales: 
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Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy
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P’5 measurements from ATLAS & CMS in work

The Decay Topology

The decay is completely described by:
✓`, ✓K , � and q2 = M2
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Figure 3 – Comparison of observables in B0 � �+��K� from Babar [30], Belle [31], CDF [32], CMS [33], Atlas [34]
and LHCb [35]. The theoretical prediction is taken from Ref. [36]. From left to right, the di�erential decay width,
the forward-backward asymmetry AFB, and the K� longitudinal polarisation fraction FL. All observables are
plotted in bins of the dilepton mass squared q2.

4 Rare electroweak decays84

The family of decays b ! s`+`� is a laboratory of new physics on its own. In particular the85

exclusive decay B0 ! K�0`+`� (` = e, µ) provides a very rich set of observables with di�erent86

sensitivities to new physics and for which theoretical predictions are available and a�ected by87

varying levels of hadronic uncertainties. In the case of some ratios of observables most of these88

uncertainties cancel, thus providing a clean test of the Standard Model [24–29].89

The di�erential decay width with respect to the dilepton mass squared q2, the well-known90

asymmetry of the dimuon system AFB, and the longitudinal polarisation fraction FL of the K�
91

resonance have been measured by many experiments [30–35] with no significant sign of deviations92

from the SM expectation. A comparison of all experimental measurements is shown in Figure 3.93

In a second analysis of the already published [35] 2011 data, LHCb published another set of94

angular observables [37] suggested by Ref. [29]. This data showed a 3.7� local deviation of the95

P �
5 observable from the Standard Model expectation in one bin of q2, shown in Fig. 4 (right).96

This observable is defined as P �
5 = S5/

p
FL(1 � FL), where S5 is an asymmetry between two97

regions (shown in red and blue) in cos �K and �, as defined in Fig. 4 (left).98

This measurement triggered a lot of interest in the theory community, with numerous at-99
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5, (right) LHCb
measurement of P �

5 [37].
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Figure 3: (Top left) Definitions of decay angles. (Bottom left) Definition of the S5 angular variable, the
asymmetry between the red and blue regions. (Right) Comparison of the LHCb data and the theory predic-
tion from [14] for the P0

5 variable in bins of lepton invariant mass squared, q2.

measurement has been recently updated with the full Run 1 dataset and shown at the Moriond
conference. The discrepancy is apparent in the 2012 data as well in the q2 region between 4 and
8 GeV. These results have triggered much interest in the theory community and it remains to be well
understood if this fluctuation can be explained by an underestimate of form factor uncertainties or
is a hint of new physics. There are some theoretical models which can explain this result and the
P0

5 anomaly with very large mass Z-like particle. It remains to be seen whether these measurements
are cemented with new data or not.

3.3 Lepton universality in B+ ! K+`+`�

In the SM the ratio of branching fractions of the B+ ! K+µ+µ� and B+ ! K+e+e� decays,
RK , is expected to be unity within 1 per mille. The decay diagrams for these are similar to the
B0 ! K⇤0`+`� decays which proceed in the SM via a penguin or box b ! s transition instead with
a u as the spectator. This is highly sensitive to flavour violating new physics in the loops. The
experimental challenge for LHCb is in the electron final state, both in terms of statistics, exper-
imental precision and systematic uncertainties. The ratio of branching fractions RK is computed
using the double ratios with the B+ ! K+J/y (! `+`�) to cancel the systematic uncertainties,
this makes the reasonable assumption of lepton universality for the J/y . The invariant mass dis-
tributions for the two decays are shown in Fig. 4 and the value of RK in comparison to other
experiments is shown in Fig. 5. The LHCb measured value of RK is lower than the SM prediction
at RK = 0.745+0.090

�0.074(stat)±0.036(syst) which is compatible at the 1% level.
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(8 independent CP-averaged observables).                      
Best experimental precision on AFB, FL, …
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Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy
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P’5 measurements from ATLAS & CMS in work

The Decay Topology

The decay is completely described by:
✓`, ✓K , � and q2 = M2
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Intoduction Angular Analysis Result

P 0
5 =

S5

FL
p
1� FL

Only Measurement that  
uses electrons and muons!

LHCb PRL 118, 251802 (2017)

LHCb JHEP 11, 047 (2016)

LHCb JHEP 04, 142 (2017)

CMS PLB 753, 424 (2016)

Belle PRL 118, 111801 (2017)

Babar PRD 93, 052015 (2016)

Florian Bernlochner BPAC Report for the Missing Energy and EWP Physics Groups 8

Physics Motivation

Radiative and Electroweak Penguin WG


⇾ e.g. B → Xs/d ɣ, B → Xs/d !!

MoriondEW, Mar 19, 2016 Experimental Summary

Flavour anomalies
b → s µ+µ– continues to produce interesting results, more channels added

LHCb showed results with full angular analyses for K*µµ 
(8 independent CP-averaged observables).                      
Best experimental precision on AFB, FL, …

Also angular and diff. BR analysis of Bs → φµµ, and diff. 
BR analysis of B+ → K+µµ

Johannes Albrecht
Searches for New Physics in b → s l+l   
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Intoduction Angular Analysis Result

What’s new at LHCb? LHCb Overview. Matthew Kenzie
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Figure 3 – Comparison of observables in B0 � �+��K� from Babar [30], Belle [31], CDF [32], CMS [33], Atlas [34]
and LHCb [35]. The theoretical prediction is taken from Ref. [36]. From left to right, the di�erential decay width,
the forward-backward asymmetry AFB, and the K� longitudinal polarisation fraction FL. All observables are
plotted in bins of the dilepton mass squared q2.

4 Rare electroweak decays84

The family of decays b ! s`+`� is a laboratory of new physics on its own. In particular the85

exclusive decay B0 ! K�0`+`� (` = e, µ) provides a very rich set of observables with di�erent86

sensitivities to new physics and for which theoretical predictions are available and a�ected by87

varying levels of hadronic uncertainties. In the case of some ratios of observables most of these88

uncertainties cancel, thus providing a clean test of the Standard Model [24–29].89

The di�erential decay width with respect to the dilepton mass squared q2, the well-known90

asymmetry of the dimuon system AFB, and the longitudinal polarisation fraction FL of the K�
91

resonance have been measured by many experiments [30–35] with no significant sign of deviations92

from the SM expectation. A comparison of all experimental measurements is shown in Figure 3.93

In a second analysis of the already published [35] 2011 data, LHCb published another set of94

angular observables [37] suggested by Ref. [29]. This data showed a 3.7� local deviation of the95

P �
5 observable from the Standard Model expectation in one bin of q2, shown in Fig. 4 (right).96

This observable is defined as P �
5 = S5/

p
FL(1 � FL), where S5 is an asymmetry between two97

regions (shown in red and blue) in cos �K and �, as defined in Fig. 4 (left).98

This measurement triggered a lot of interest in the theory community, with numerous at-99
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Figure 4 – (top left) Definition of angles in decay B0 � K�µ+µ�,
(bottom left) bins used in definition of S5 and P �

5, (right) LHCb
measurement of P �

5 [37].
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17

Figure 3: (Top left) Definitions of decay angles. (Bottom left) Definition of the S5 angular variable, the
asymmetry between the red and blue regions. (Right) Comparison of the LHCb data and the theory predic-
tion from [14] for the P0

5 variable in bins of lepton invariant mass squared, q2.

measurement has been recently updated with the full Run 1 dataset and shown at the Moriond
conference. The discrepancy is apparent in the 2012 data as well in the q2 region between 4 and
8 GeV. These results have triggered much interest in the theory community and it remains to be well
understood if this fluctuation can be explained by an underestimate of form factor uncertainties or
is a hint of new physics. There are some theoretical models which can explain this result and the
P0

5 anomaly with very large mass Z-like particle. It remains to be seen whether these measurements
are cemented with new data or not.

3.3 Lepton universality in B+ ! K+`+`�

In the SM the ratio of branching fractions of the B+ ! K+µ+µ� and B+ ! K+e+e� decays,
RK , is expected to be unity within 1 per mille. The decay diagrams for these are similar to the
B0 ! K⇤0`+`� decays which proceed in the SM via a penguin or box b ! s transition instead with
a u as the spectator. This is highly sensitive to flavour violating new physics in the loops. The
experimental challenge for LHCb is in the electron final state, both in terms of statistics, exper-
imental precision and systematic uncertainties. The ratio of branching fractions RK is computed
using the double ratios with the B+ ! K+J/y (! `+`�) to cancel the systematic uncertainties,
this makes the reasonable assumption of lepton universality for the J/y . The invariant mass dis-
tributions for the two decays are shown in Fig. 4 and the value of RK in comparison to other
experiments is shown in Fig. 5. The LHCb measured value of RK is lower than the SM prediction
at RK = 0.745+0.090

�0.074(stat)±0.036(syst) which is compatible at the 1% level.
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B � K�0�+��

Elisa Manoni - INFN PG 03/17/2022

B→K∗!! branching fraction measurement (III)

• Signal yield extracted from 2D fit to Mbc 
and "E = Ebeam - E∗

B

• Branching fraction in entire q2 range 
excluding J/ψ and ψ(2S) resonances:

7

• Precision for electron and muon channels in 
the same ballpark

• Statistically limited

• Electron channel “only” 2.5# worst wrt PDG, 
expected to became competitive with 1 ab-1

• In agreement with W.A.

PDG averages
(1.06 ± 0.09) x 10-6

(1.19 ± 0.20) x 10-6

(1.05 ± 0.10) x 10-6

● data
signal PDF

background PDF
total PDF

B➝K∗!!  fit projections

Elisa Manoni - INFN PG 03/17/2022

B→K∗!! branching fraction measurement (III)

• Signal yield extracted from 2D fit to Mbc 
and "E = Ebeam - E∗

B

• Branching fraction in entire q2 range 
excluding J/ψ and ψ(2S) resonances:

7

• Precision for electron and muon channels in 
the same ballpark

• Statistically limited

• Electron channel “only” 2.5# worst wrt PDG, 
expected to became competitive with 1 ab-1

• In agreement with W.A.

PDG averages
(1.06 ± 0.09) x 10-6

(1.19 ± 0.20) x 10-6

(1.05 ± 0.10) x 10-6

● data
signal PDF

background PDF
total PDF

B➝K∗!!  fit projections
Belle II preliminary

<latexit sha1_base64="sPDlEUV7gZp6X7zVPnUZ1LLCwkg="></latexit>

B(B ! K⇤µ+µ�) = (1.19± 0.31+0.08
�0.07)⇥ 10�6
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B(B ! K⇤e+e�) = (1.42± 0.48± 0.09)⇥ 10�6
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B(B ! K⇤`+`�) = (1.25± 0.30+0.08
�0.07)⇥ 10�6

PDG B x 106

0.94±0.05

1.03±.19

0.99±0.12

K*ee is dominated by B-factories
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SuperKEKB/Belle II Luminosity Profile
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Summary

e+e–@𝛶 region: powerful event environment, rich physics
• Belle II/SuperKEKB:  hermetic detector, nano-beams

– 189.3 fb–1 analyzed, new results
• time-dependent measurements

– world-leading charm lifetimes: D0, D+, 𝜦c

– B mixing, lifetime – ready for time-dependent CP 
– ACP for                           (single KS vertex!)

• time-independent
– |Vxb| via exclusive semileptonic/form factors
– B decays:
– darkhiggsstrahlung search 

• (Much) more to come – probe multi-TeV mass scale at the 
Intensity Frontier …

<latexit sha1_base64="/J3FbUyKCR3m3VqhJgezPpSmWp4=">AAACHXicbVDLSgMxFM34rPU16tJNsAjio8xI0S4LbgQ3Fe0DOtOSSTNtaDIzJBmhDP0RN/6KGxeKuHAj/o2Z6Sy09UBuDufcS3KPFzEqlWV9GwuLS8srq4W14vrG5ta2ubPblGEsMGngkIWi7SFJGA1IQ1HFSDsSBHGPkZY3ukr91gMRkobBvRpHxOVoEFCfYqS01DMrjhiGXSfi2W2dOvCmd9e1nIjqMkCco1TqHjuEse5JVs+KPbNkla0McJ7YOSmBHPWe+en0QxxzEijMkJQd24qUmyChKGZkUnRiSSKER2hAOpoGiBPpJtl2E3iolT70Q6FPoGCm/p5IEJdyzD3dyZEaylkvFf/zOrHyq25CgyhWJMDTh/yYQRXCNCrYp4JgxcaaICyo/ivEQyQQVjrQNAR7duV50jwv2xflym2lVKvmcRTAPjgAR8AGl6AGrkEdNAAGj+AZvII348l4Md6Nj2nrgpHP7IE/ML5+AIGRoEE=</latexit>

⇢±⇢0, K0
S⇡

0�, K⇤`+`�

<latexit sha1_base64="ArpkNAuTwcbIo8tVqyeGbauABgQ=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRStMuiG8FNBfuANi2T6aQdOpmEmUmhhP6JGxeKuPVP3Pk3TtostPXAMIdz7uXee/yYM6Ud59sqbGxube8Ud0t7+weHR/bxSUtFiSS0SSIeyY6PFeVM0KZmmtNOLCkOfU7b/uQu89tTKhWLxJOexdQL8UiwgBGsjTSw7du+09MRejBfzPpOaWCXnYqzAFonbk7KkKMxsL96w4gkIRWacKxU13Vi7aVYakY4nZd6iaIxJhM8ol1DBQ6p8tLF5nN0YZQhCiJpntBoof7uSHGo1Cz0TWWI9Vitepn4n9dNdFDzUibiRFNBloOChCNzahYDGjJJieYzQzCRzOyKyBhLTLQJKwvBXT15nbSuKu51pfpYLddreRxFOINzuAQXbqAO99CAJhCYwjO8wpuVWi/Wu/WxLC1Yec8p/IH1+QNLopIf</latexit>

B0 ! K0⇡0
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with better statistics & resolution…
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… be prepared for surprises
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Backup 
Slides
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Belle II Detector 

e– (7 GeV)

e+ (4 GeV)

KL and muon detector:
Resistive Plate Chambers (barrel outer layers)

Scintillator + WLSF + SiPM’s (end-caps , inner 2 barrel 
layers)

Particle Identification 
iTOP detector system (barrel)

Prox. focusing Aerogel RICH (fwd)
dE/dx in CDC

Central Drift Chamber
He(50%):C2H6(50%), small cells, 
long lever arm,  fast electronics

EM Calorimeter:
CsI(Tl), waveform sampling (barrel+ 

endcap)

Vertex Detector
2 layers DEPFET + 4 layers 

DSSD

Beryllium beam pipe
2cm diameter

STATISTICS
VERTEXING

PARTICLE ID (π/K)
“HERMETICITY”
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Super KEKB

40

SuperKEKB nano-beam
50 nm x 10µm x 0.5 mm

41 mr crossing angle
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CKM Matrix
Standard Model: 12 fermion flavors (+antifermion)

Z0 "neutral current"

u

d

c

s

t

b

quark couplings:
• neutral current – ≈universal, no generation x-ing
• charged current – all different, ≈ generation-conserving 

W± "charged current"
suppressed
seen

not seen

Flavors interact only via the Weak force, mediated by W±, Z0

d s b

u Vud Vus Vub
c Vcd Vcs Vcb
t Vtd Vts Vtb

gF x

9 complex couplings 
→18 free parameters

All observations explained if matrix of couplings is unitary
GIM

(Glashow-Iliopoulos-Maiani)

unitary transforation
mass ↔ weak 

eigenstates

d'
s'  =
b'

d
s
b

Kobayashi-Maskawa

For 3 generations, 4 free 
parameters, including 

1 irreducible imaginary part
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Unitarity of CKM matrix

Decay rates ∝ |Amplitude|22

4
1� �2

2 � �3A(⇢� i⌘)

�� 1� �2

2 �2A
�3A(1� ⇢� i⌘) ��2A 1

3

5

<latexit sha1_base64="EaQR5cJiROgOCmn/BSu7MbuBRe8="></latexit>

Unitarity:

Explicitly for i=1, j=3: 

X

k

VikV
⇤
jk = �ij

<latexit sha1_base64="jcPPpwGPcjHs1g6PTCRNSRAQJ/Y=">AAACDHicbVC9TsMwGHT4LeWvwMhiUSEhhiopAyygSiyMRaI/Uhsix3FaN7YT2Q5SFeUBWHgVFgYQYuUB2Hgb3DYDtJxk63R3n+zv/IRRpW3721paXlldWy9tlDe3tnd2K3v7bRWnEpMWjlksuz5ShFFBWppqRrqJJIj7jHT86Hridx6IVDQWd3qcEJejgaAhxUgbyatU+yrlXgTbXkaj3NyjKL8/hZewHxCmkVFHuUnZNXsKuEicglRBgaZX+eoHMU45ERozpFTPsRPtZkhqihnJy/1UkQThCA1Iz1CBOFFuNl0mh8dGCWAYS3OEhlP190SGuFJj7pskR3qo5r2J+J/XS3V44WZUJKkmAs8eClMGdQwnzcCASoI1GxuCsKTmrxAPkURYm/7KpgRnfuVF0q7XnLNa/dauNq6KOkrgEByBE+CAc9AAN6AJWgCDR/AMXsGb9WS9WO/Wxyy6ZBUzB+APrM8fdv+bOA==</latexit>

VudV
⇤
ub + VcdV

⇤
cb + VtdV

⇤
tb = 0

<latexit sha1_base64="9AHdaqp5Dpm04zVs2mJxYQZCzw0=">AAACGHicbVDLSgMxFM3UV62vUZdugkUQhTpTF7pRCm5cVrAPaOuQSdM2NJMZkjtCGfoZbvwVNy4Ucdudf2NmOgutHkg459x7Se7xI8E1OM6XVVhaXlldK66XNja3tnfs3b2mDmNFWYOGIlRtn2gmuGQN4CBYO1KMBL5gLX98k9Zbj0xpHsp7mESsF5Ch5ANOCRjLs8+aXhL3p+ntTx9O8KlhNNM01amETEIqrxzPLjsVJwP+S9yclFGOumfPuv2QxgGTQAXRuuM6EfQSooBTwaalbqxZROiYDFnHUEkCpntJttgUHxmnjwehMkcCztyfEwkJtJ4EvukMCIz0Yi01/6t1Yhhc9hIuoxiYpPOHBrHAEOI0JdznilEQE0MIVdz8FdMRUYSCybJkQnAXV/5LmtWKe16p3jnl2nUeRxEdoEN0jFx0gWroFtVRA1H0hF7QG3q3nq1X68P6nLcWrHxmH/2CNfsGYrmf8A==</latexit>

= �3A[(⇢+ i⌘)� 1 + (1� ⇢� i⌘)]
<latexit sha1_base64="SzvkNBeDFc5rcJ8jfcO+WT83x1k=">AAACE3icbVDLSsNAFJ34rPUVdekmWIRqaUnahW6UihuXFewDklgmk0k7dJIJMxOhhP6DG3/FjQtF3Lpx5984abPQ1gMDh3PO5c49XkyJkKb5rS0tr6yurRc2iptb2zu7+t5+R7CEI9xGjDLe86DAlES4LYmkuBdzDEOP4q43us787gPmgrDoTo5j7IZwEJGAICiV1NdPLxyq0j68b1zZZYcPWYU4WMKTqlUpW9VMqM4Et6+XzJo5hbFIrJyUQI5WX/9yfIaSEEcSUSiEbZmxdFPIJUEUT4pOInAM0QgOsK1oBEMs3HR608Q4VopvBIyrF0ljqv6eSGEoxDj0VDKEcijmvUz8z7MTGZy7KYniROIIzRYFCTUkM7KCDJ9wjCQdKwIRJ+qvBhpCDpFUNRZVCdb8yYukU69ZjVr91iw1L/M6CuAQHIEysMAZaIIb0AJtgMAjeAav4E170l60d+1jFl3S8pkD8Afa5w9yG5v4</latexit>

3 terms form “Unitarity triangle” in 𝜌-𝜂 complex plane


