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Motivation

Big Questions
• Origin of generations & role of flavor
• CP violation and baryon asymmetry
Both necessarily involve 3 generations → heavy quarks

Upcoming generation of b experiments will address these at TeV scale 
• Precision in Standard Model: 

– CKM matrix magnitudes & phases → CP asymmetry, rare decays 
– Multi-prong analysis of a rich zoo of particles & processes

• Hadronic infrastructure: required for precision CKM
– HQ symmetries
– Effective field theories
– Flavor SU(3)
– fragmentation
– Spectroscopy
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heavy flavor (b) factories

CURRENT/RECENT
• B factories: KEKB/Belle, PEP-II/Babar 

– 1999-2010 e+e– @10.6 GeV (cms)

– Combined 1.25 x 109 B pairs, ~same # of charm pairs

• Collect ~100%, reconstruction efficiencies ~10-80%

• LHCb

– 2008- pp @ 7-13 TeV

– ~8 fb–1  σb ~ 72-144 µb (O|1012| b’s); σc~ 2-3 mb (O|1013| c’s)

• Low collection eff, detection/reconstruction of neutrals

UPCOMING
• SuperKEKB/Belle II

– 2018 - e+e– @10.6 GeV (cms)

– By 2024 ~50 ab–1 ~ 5 x 1010 B pairs, charm, etc.

• measurements requiring clean decay times, neutrals, …

2008 Nobel Prize

Kobayashi & Maskawa
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SuperKEKB: e+e– →ϒ(4S) (primarily)

continuum

↑
¡(4S)

BqB̄q

Bq = {B0
d, B+

u }

e+e– vs pp collisions
• Complete annihilation ⇒Event CMS = e+e– CMS 

• “Hermetic” detector measures nearly all final particles 

=> “neutrals reconstruction” {KL, n, ", dark matter}

• Average multiplicity (chg+neutral) ~15-20 (vs hundreds in pp)

• Near-threshold @ ϒ(4S): exclusive B pair events – clean

e+e� ! �⇤ ! hadrons

{bb̄}

Upsilon 
region 

~10 GeV
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Belle II approach: seek the New …
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Belle II approach: seek the New …
By improving precision on the Old 

STATISTICS
VERTEXING

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

NEW

NEW 3 km positron ring 
vacuum chamber

NEW complex 
superconducting 

final focus

40

40

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

41 mr crossing angle

KEKB
2µm x 77µm x 12 mm
22 mr crossing angle
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SuperKEKB/Belle II Luminosity Profile

Belle/KEKB recorded ~1 ab-1 

SuperKEKB
Beam currents only a 
factor of two higher 
than KEKB (~PEPII)
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KEKB achieved 
2 x 1034 cm-2 s-1

(world record in 2009)

Calendar year
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Belle II Detector 

electrons (7 GeV)

positrons (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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B full reconstruction tagging

continuum

↑
¡(4S)

BqB̄q

Bq = {B0
d, B+

u }

e+e� ! �⇤ ! hadrons

{bb̄}

• A powerful feature of ϒ(4S) for B physics

– Event consists of B pair + no additional particles
– Ecms is well defined by beams = 2Ebeam, cms

⇒ Each B has cms energy: EB= Ebeam, cms

→ Full Reconstruction tagging
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B full reconstruction tagging
In center-of-mass system

e– e+

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+):
Each reconstructed particle 4-momentum is boosted to CMS



12

B full reconstruction tagging

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>

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>

pc~0.33 GeV

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>

In lab frame each B travels β!c"≈130 µm in direction of CMS
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B full reconstruction tagging

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>

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>

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>

! ⇡±/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>

⌫`/⌫̄`
<latexit sha1_base64="yHgEEe8njNtTZpUZNmBK+/ZPblc=">AAAB/nicdZDLSgMxFIbP1Futt1ERBDfBIriqM4JadwU3LivYC3SGkkkzbWgmMyQZoQ4FX8WNC0Xc+hzuBB/G9CYq+kPg5PvPISd/kHCmtOO8W7m5+YXFpfxyYWV1bX3D3tyqqziVhNZIzGPZDLCinAla00xz2kwkxVHAaSPoX4z8xg2VisXiWg8S6ke4K1jICNYGte0dT6Rtj3J+5AVYzi5tu+iUThz3/NRFTskZC30Rd0qKld3bDzCqtu03rxOTNKJCE46VarlOov0MS80Ip8OClyqaYNLHXdoypcARVX42Xn+IDgzpoDCW5giNxvT7RIYjpQZRYDojrHvqtzeCf3mtVIdlP2MiSTUVZPJQmHKkYzTKAnWYpETzgSkwkczsikgPS0y0SaxgQpj9FP1f1I9LrlNyr0waZZgoD3uwD4fgwhlU4BKqUAMCGdzDIzxZd9aD9Wy9TFpz1nRmG37Iev0ExDaXdw==</latexit><latexit sha1_base64="T+7PLWTRVjX4NKKXL6vaRSAUZd8=">AAAB/nicdZDLSgMxFIYz9dbW26gIgptgEVyNM4Jad0U3LivYC3SGIZNm2tBMZkgyQh0KfRU3LhQRXPkc7gQfxvQmKvpD4OT7zyEnf5AwKpVtvxu5ufmFxaV8obi8srq2bm5s1mWcCkxqOGaxaAZIEkY5qSmqGGkmgqAoYKQR9C5GfuOGCEljfq36CfEi1OE0pBgpjXxz2+Wp7xLGDt0AidnFN0u2dWw7ZycOtC17LPhFnCkpVXZuPwrDl/Oqb7657RinEeEKMyRly7ET5WVIKIoZGRTdVJIE4R7qkJYuOYqI9LLx+gO4r0kbhrHQhys4pt8nMhRJ2Y8C3Rkh1ZW/vRH8y2ulKix7GeVJqgjHk4fClEEVw1EWsE0FwYr1dYGwoHpXiLtIIKx0YkUdwuyn8P+ifmQ5tuVc6TTKYKI82AV74AA44BRUwCWoghrAIAN34AE8GkPj3ngynietOWM6swV+yHj9BMGimPQ=</latexit><latexit sha1_base64="T+7PLWTRVjX4NKKXL6vaRSAUZd8=">AAAB/nicdZDLSgMxFIYz9dbW26gIgptgEVyNM4Jad0U3LivYC3SGIZNm2tBMZkgyQh0KfRU3LhQRXPkc7gQfxvQmKvpD4OT7zyEnf5AwKpVtvxu5ufmFxaV8obi8srq2bm5s1mWcCkxqOGaxaAZIEkY5qSmqGGkmgqAoYKQR9C5GfuOGCEljfq36CfEi1OE0pBgpjXxz2+Wp7xLGDt0AidnFN0u2dWw7ZycOtC17LPhFnCkpVXZuPwrDl/Oqb7657RinEeEKMyRly7ET5WVIKIoZGRTdVJIE4R7qkJYuOYqI9LLx+gO4r0kbhrHQhys4pt8nMhRJ2Y8C3Rkh1ZW/vRH8y2ulKix7GeVJqgjHk4fClEEVw1EWsE0FwYr1dYGwoHpXiLtIIKx0YkUdwuyn8P+ifmQ5tuVc6TTKYKI82AV74AA44BRUwCWoghrAIAN34AE8GkPj3ngynietOWM6swV+yHj9BMGimPQ=</latexit><latexit sha1_base64="PD5zZGOWLfTlSe5JTsPAllxq/bE=">AAAB/nicdZDLSgMxFIbPeK31Niqu3ASL4KpmBLXuCm5cVrAX6JSSSTNtaCYzJBmhDAVfxY0LRdz6HO58G9N2Kir6Q+Dk+88hJ3+QCK4Nxh/OwuLS8spqYa24vrG5te3u7DZ0nCrK6jQWsWoFRDPBJasbbgRrJYqRKBCsGQyvJn7zjinNY3lrRgnrRKQvecgpMRZ13X1fpl2fCXHiB0TNL123hMtn2Ls89xAu46nQF/FyUoJcta777vdimkZMGiqI1m0PJ6aTEWU4FWxc9FPNEkKHpM/atpQkYrqTTdcfoyNLeiiMlT3SoCn9PpGRSOtRFNjOiJiB/u1N4F9eOzVhpZNxmaSGSTp7KEwFMjGaZIF6XDFqxMgWhCpud0V0QBShxiZWtCHMf4r+LxqnZQ+XvRtcqlbyOApwAIdwDB5cQBWuoQZ1oJDBAzzBs3PvPDovzuusdcHJZ/bgh5y3T38wlck=</latexit>

K0
S ! ⇡+⇡�

<latexit sha1_base64="ObDUiTAC+owdVR9DJjO4OWyED6A=">AAAB+3icdZDJSkMxFIbPrVOtU60bwU2wCIJYcgW17gpuBDcV7QCdyE3TNpg7kJwrltJXceNCEbfufQZ3vo3poKjogYSf7z+HnPxepKRBSt+dxMzs3PxCcjG1tLyyupZez5RNGGsuSjxUoa56zAglA1FCiUpUIy2Y7ylR8a5PR37lRmgjw+AK+5Fo+KwbyI7kDC1qpTPnrcsmrWNYj2Rzb3Ttt9JZmjuk7smRS2iOjot8EXdKsoXNI3wFgGIr/VZvhzz2RYBcMWNqLo2wMWAaJVdimKrHRkSMX7OuqFkZMF+YxmC8+5DsWNImnVDbEyAZ0+8TA+Yb0/c92+kz7Jnf3gj+5dVi7OQbAxlEMYqATx7qxIpgSEZBkLbUgqPqW8G4lnZXwntMM442rpQN4fOn5H9RPsi5NOde2DTyMKkkbME27IILx1CAMyhCCTjcwh08wKMzdO6dJ+d50ppwpjMb8KOclw9ycpWH</latexit><latexit sha1_base64="IndqzEbT8UM9H9yH0RycNWxIjEE=">AAAB+3icdZDLSgMxFIYz9VbrrdaN4CZYBEEsGdFadwU3gpuK9gKdtmTStA3NXEjOiKV05Xu4caGIWx9Ed76NmbaKih5I+Pn+c8jJ74ZSaCDk3UrMzM7NLyQXU0vLK6tr6fVMRQeRYrzMAhmomks1l8LnZRAgeS1UnHqu5FW3fxr71WuutAj8KxiEvOHRri86glEwqJXOnLcum8SBwAlFcy++9lvpLMkdEfskb2OSI+PCX8SekmxxMw+v7PC21Eq/Oe2ARR73gUmqdd0mITSGVIFgko9STqR5SFmfdnndSJ96XDeG491HeMeQNu4Eyhwf8Jh+nxhST+uB55pOj0JP//Zi+JdXj6BTaAyFH0bAfTZ5qBNJDAGOg8BtoTgDOTCCMiXMrpj1qKIMTFwpE8LnT/H/onKQs0nOvjBpFNCkkmgLbaNdZKNjVERnqITKiKEbdIce0KM1su6tJ+t50pqwpjMb6EdZLx8CBJay</latexit><latexit sha1_base64="IndqzEbT8UM9H9yH0RycNWxIjEE=">AAAB+3icdZDLSgMxFIYz9VbrrdaN4CZYBEEsGdFadwU3gpuK9gKdtmTStA3NXEjOiKV05Xu4caGIWx9Ed76NmbaKih5I+Pn+c8jJ74ZSaCDk3UrMzM7NLyQXU0vLK6tr6fVMRQeRYrzMAhmomks1l8LnZRAgeS1UnHqu5FW3fxr71WuutAj8KxiEvOHRri86glEwqJXOnLcum8SBwAlFcy++9lvpLMkdEfskb2OSI+PCX8SekmxxMw+v7PC21Eq/Oe2ARR73gUmqdd0mITSGVIFgko9STqR5SFmfdnndSJ96XDeG491HeMeQNu4Eyhwf8Jh+nxhST+uB55pOj0JP//Zi+JdXj6BTaAyFH0bAfTZ5qBNJDAGOg8BtoTgDOTCCMiXMrpj1qKIMTFwpE8LnT/H/onKQs0nOvjBpFNCkkmgLbaNdZKNjVERnqITKiKEbdIce0KM1su6tJ+t50pqwpjMb6EdZLx8CBJay</latexit><latexit sha1_base64="eKV4JRejgBNygO2cW/CekfyWH+c=">AAAB+3icdZDLSgMxFIYzXmu9jXXpJlgEQRwyglp3BTeCm4r2Ap3pkEkzbWjmQpIRy9BXceNCEbe+iDvfxkw7iooeSPj5/nPIye8nnEmF0LsxN7+wuLRcWimvrq1vbJpblZaMU0Fok8Q8Fh0fS8pZRJuKKU47iaA49Dlt+6Pz3G/fUiFZHN2ocULdEA8iFjCClUaeWbn0rnvIUbGTsN5Bfh16ZhVZx8g+O7EhstC04BexC1IFRTU8883pxyQNaaQIx1J2bZQoN8NCMcLppOykkiaYjPCAdrWMcEilm013n8A9TfowiIU+kYJT+n0iw6GU49DXnSFWQ/nby+FfXjdVQc3NWJSkikZk9lCQcqhimAcB+0xQovhYC0wE07tCMsQCE6XjKusQPn8K/xetI8tGln2FqvVaEUcJ7IBdsA9scArq4AI0QBMQcAfuwSN4MibGg/FsvMxa54xiZhv8KOP1AxN8k8U=</latexit>

etc
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B full reconstruction tagging

Full reconstruction tagging(>1000 modes)

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>

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>

~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
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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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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

114/681

Total efficiency ≈0.3%



15

B full reconstruction tagging

Full reconstruction tagging(>1000 modes)
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~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
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→ Beam-constrained mass

Mbc =
q

E2
beam � ~p2tag
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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

0

2000

4000

6000

8000

10000

x 10

5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29

Mbc(GeV/c2)

E
ve

nt
s/

0.
5 

M
eV

/c
2

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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constitute the opposite B 

Eopp = Ebeam
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→ absolute branching fractions
→ inclusive rates
→ Missing mass analysis

Neutrinos
Inefficiently reconstructed particles
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Physics Plan
Belle II Theory Interface Platform (B2TIP) 
Workshop series, 2015-2018: 

WG1
Semileptonic & Leptonic B decays

WG2
Radiative & Electroweak Penguins

WG3
α/φ2   β/φ1

WG4
γ/φ3 

WG5
Charmless Hadronic B Decay

WG6
Charm

WG7
Quarkonium(like)

WG8
Tau, low multiplicity

WG9
New Physics

Report (≈680 pages) to be submitted to PTEP in 2018
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2 Introduction

Table 16: Expected errors on several selected flavour observables with an integrated lumi-

nosity of 50 ab�1 of Belle II data. Errors given in % represent relative errors. In the final

column we denote where LHCb is expected to reach a highly competitive level of precision:

if one experiment is expected to be slightly more accurate we list it first.

Observables Expected the. accu-
racy

Expected
exp. uncertainty

Facility (2025)

UT angles & sides
�1 [�] *** 0.4 Belle II
�2 [�] ** 1.0 Belle II
�3 [�] *** 1.0 LHCb/Belle II
|Vcb| incl. *** 1% Belle II
|Vcb| excl. *** 1.5% Belle II
|Vub| incl. ** 3% Belle II
|Vub| excl. ** 2% Belle II/LHCb
CPV
S(B ! �K0) *** 0.02 Belle II
S(B ! ⌘0K0) *** 0.01 Belle II
A(B ! K0⇡0)[10�2] *** 4 Belle II
A(B ! K+⇡�) [10�2] *** 0.20 LHCb/Belle II
(Semi-)leptonic
B(B ! ⌧⌫) [10�6] ** 3% Belle II
B(B ! µ⌫) [10�6] ** 7% Belle II
R(B ! D⌧⌫) *** 3% Belle II
R(B ! D⇤⌧⌫) *** 2% Belle II/LHCb
Radiative & EW Penguins
B(B ! Xs�) ** 4% Belle II
ACP (B ! Xs,d�) [10�2] *** 0.005 Belle II
S(B ! K0

S⇡0�) *** 0.03 Belle II
S(B ! ⇢�) ** 0.07 Belle II
B(Bs ! ��) [10�6] ** 0.3 Belle II
B(B ! K⇤⌫⌫) [10�6] *** 15% Belle II
B(B ! K⌫⌫) [10�6] *** 20% Belle II
R(B ! K⇤``) *** 0.03 Belle II/LHCb
Charm
B(Ds ! µ⌫) *** 0.9% Belle II
B(Ds ! ⌧⌫) *** 2% Belle II
ACP (D0 ! K0

S⇡0) [10�2] ** 0.03 Belle II
|q/p|(D0 ! K0

S⇡+⇡�) *** 0.03 Belle II
�(D0 ! K0

S⇡+⇡�) [�] *** 4 Belle II
Tau
⌧ ! µ� [10�10] *** < 50 Belle II
⌧ ! e� [10�10] *** < 100 Belle II
⌧ ! µµµ [10�10] *** < 3 Belle II/LHCb
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17 Physics beyond the Standard Model

Table 147: A snapshot of the discovery potential of the selected new physics model for Belle II

observables: electroweak penguin and radiative B decays, including lepton flavour violating

channels. See caption of Table 145 for what the symbols stand for.
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Semileptonic b ! s Penguin Decays:

B ! K(⇤)`` angular ?? ⇥ ⇥ ?? ?? ⇥ ?? ⇥ ? ? ? ?? ⇥ 13

R(K⇤), R(K) ?? ⇥ ⇥ ⇥ ?? ⇥ ?? ⇥ ? ? ? ?? ⇥ 11

B(B ! Xs``) ? ? ? ⇥ ⇥ ? ? ? ?? ⇥ ?? ⇥ ? ? ? ?? ⇥ 15

R(Xs) ? ? ? ⇥ ⇥ ⇥ ?? ⇥ ?? ⇥ ? ? ? ?? ⇥ 12

B(B ! K(⇤)⌧⌧) ? ? ? ? ? ? ⇥ ? ? ⇥ ? ⇥ ? ? ? ? ⇥ 13

B(B ! Xs⌧⌧) 2 ? ? ? ⇥ ? ? ⇥ ? ⇥ ? ? ? ? ⇥ 10

B(B ! K(⇤)⌫⌫) ? ? ? ⇥ ⇥ ? ? ⇥ ? ⇥ ? ? ? ? ⇥ 10

B(B ! Xs⌫⌫) 2 ⇥ ⇥ ? ? ⇥ ? ⇥ ? ? ? ? ⇥ 7

Semileptonic b ! d Penguin Decays:

B ! ⇡`` angular ?? ⇥ ⇥ ?? ?? ⇥ ?? ⇥ ? ? ? ? ⇥ 12

R(⇢), R(⇡) ?? ⇥ ⇥ ⇥ ?? ⇥ ?? ⇥ ? ? ? ? ⇥ 10

B(B ! Xd``) ? ? ? ⇥ ⇥ ? ? ? ?? ⇥ ?? ⇥ ? ? ? ? ⇥ 14

R(Xd) ? ? ? ⇥ ⇥ ⇥ ?? ⇥ ?? ⇥ ? ? ? ? ⇥ 11

B(B ! ⇡⌧⌧) 2 ? ? ? ⇥ ? ? ⇥ ? ? ? ? ? ? ⇥ 11

B(B ! ⇡⌫⌫) ? ? ? ⇥ ⇥ ? ? ⇥ ? ⇥ ? ? ? ? ⇥ 10

Semileptonic LFV B Decays:

B(B ! Xe±µ⌥) ? ? ? ? ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 ⇥ 10

B(B ! K(⇤)⌧`) ? ? ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 ⇥ 8

B(B ! ⇡⌧`) ? ? ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 ⇥ 8

Radiative Penguins:

B(B ! Xs �) ? ? ? ? ? ? ? ? ? ? ? ? ? ?? ? ? ? ? ? ? ⇥ 17

ACP (B ! Xs+d �) ? ? ? ? ? ? ? ? ? ⇥ ? ? ? ?? ? ? ⇥ 16

SCP (B0

d ! KS⇡0 �) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?? ? ? ? ? ⇥ 21

SCP (B0

d ! ⇢ �) ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?? ? 2 ⇥ 18

B0
s ! ⌘(0)� lifetime ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?? ? 2 ⇥ 18

Due to a power suppression of the leading SM contribution to the e↵ective bs� coupling, 15452

it was found [1816] in the late 1980s that logarithmic corrections from H+ loop can have a 15453

significant impact. In addition, due to the dipole or �µ⌫mbR form of the bs� coupling, one 15454
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Table 149: A snapshot of the discovery potential of the selected new physics model for Belle

II observables: D decays and Dark Sector. See caption of Table 145 for what the symbols

stand for.
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Charm tree Decays

B(D+
! `⌫)/B(D+

s ! `⌫) ? ? ? ? ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? 2 ? 8

B(D+
s ! ⌧⌫) ? ? ? ?? ⇥ ? ⇥ ⇥ ⇥ ⇥ ? ? ? 2 ? 10

B(D+
! ⌧⌫)/B(D+

s ! ⌧⌫) ? ? ? ?? ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? 2 ? 9

ACP (D+
! ⇡+⇡0) ? ? ? ? ? ⇥ ?? ⇥ ?? ?? ⇥ 2 ⇥ 11

ACP (D0
! ⇡0⇡0) ? ? ? ⇥ ? ⇥ ? ⇥ ? ? ⇥ 2 ⇥ 7

Charm FCNC Decays

D0
! �� ? ? ? ? ? ⇥ ? ⇥ ? ⇥ ? 2 ⇥ 8

D0
! µ+µ� ? ? ? ? ? ⇥ ? ⇥ ? ⇥ ?? 2 ⇥ 9

D0
! e+e� ? ? ? ? ? ⇥ ? ⇥ ? ⇥ ?? 2 ⇥ 9

D0
! invisible ? ? ? ? ? ⇥ ? ⇥ ? ⇥ ?? 2 ⇥ 9

Dark Sector (boson A0, fermion �):

e+e� ! A0
! invisible ? ? ? ⇥ ⇥ 2 ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? 6

e+e� ! A0
! `` ? ? ? ? ⇥ 2 ? ⇥ ? ⇥ ⇥ ⇥ ? ? ? 9

e+e� ! A0� ? ? ? ? ⇥ 2 ? ⇥ ? ⇥ ⇥ ⇥ ? ? ? 9

B ! invisible ? ? ? ⇥ ⇥ 2 ? ⇥ ? ⇥ ? ? ? ⇥ ? ? ? 11

B ! KA0 ? ? ? ⇥ ⇥ 2 ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? 6

B ! ⇡A0 ? ? ? ⇥ ⇥ 2 ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? 6

B+
! µ+� ? ? ? ⇥ ⇥ 2 ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? 6

B+
! µ+⌫A0 ? ? ? ⇥ ⇥ 2 ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? 6

⌥ (3S) ! �A0 ? ? ? ⇥ ⇥ 2 ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? 6

A second powerful constraint on H+ comes from a tree level e↵ect in B+ ! ⌧+⌫⌧ , as 15463

discussed in Sec. 8.3.1. It is rather interesting that [238] B2HDM�II/BSM[B+ ! ⌧+⌫⌧ ] = rH , 15464

where 15465

rH =
�
1 � tan2 m2

B+/m2
H+

�
, (574)

involves only physical parameters, with no dependence on hadronic quantities. Measurements 15466

of B ! ⌧⌫ came much later than B ! Xs� and provided another strong constraint on mH+ 15467

and tan �, as already discussed in Sec. 8.3, which has been a main driver for the Belle II 15468

upgrade, especially in earlier years. 15469
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Many other tables!
Other B decays

tau
Charm

*** Belle
**  Belle/LHCb
*    LHCb
X   unlikely
◻ not studied
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Tantalizing hints of
beyond (SM) in existing results
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Lepton Universality

US Belle II School Phillip URQUIJO

Golden modes for Belle II

 30

Table 4: Belle II Golden/Silver observables for the pure-leptonic and the semi-leptonic B

decays. Theory column indicates the robustness against the theory uncertainties. Discovery

column shows at which integrated luminosity a discovery of new physics is possible. Sys. limit

column indicates at which integrated luminosity the experimental or theoretical dominates.

The vs LHCb/BESIII, Belle columns show the originality and the competitiveness against

those experiments. Anomaly column indicates the existing hint of new physics at the time

of this report is completed and the NP column is to show whether the observable is sensitive

to a certain new physics models.

Proc
ess

Obse
rva

ble

Theo
ry

Sy
s. lim

it (D
isc

ove
ry)

[ab
�

1 ]

vs
LHCb

vs
Belle

Anom
aly

NP

• B ! ⇡`⌫l |Vub| ? ? ? 10-20 ? ? ? ? ? ? ?? ?• B ! Xu`⌫` |Vub| ?? 2-10 ? ? ? ?? ? ? ? ?• B ! ⌧⌫ Br. ? ? ? >50 (2) ? ? ? ? ? ? ? ? ? ?• B ! µ⌫ Br. ? ? ? >50 (5) ? ? ? ? ? ? ? ? ? ?• B ! D(⇤)`⌫` |Vcb| ? ? ? 1-10 ? ? ? ?? ?? ?• B ! Xc`⌫` |Vcb| ? ? ? 1-5 ? ? ? ?? ?? ??• B ! D(⇤)⌧⌫⌧ R(D(⇤)) ? ? ? 5-10 ?? ? ? ? ? ? ? ? ? ?• B ! D(⇤)⌧⌫⌧ P⌧ ? ? ? 15-20 ? ? ? ? ? ? ?? ? ? ?• B ! D⇤⇤`⌫` Br. ? - ?? ? ? ? ?? -

Time dependent CP violation in B decays. The prospects for time-dependent CP vio-

lation of B mesons and the determination of the CKM angles �1 and �2 are presented in

this chapter, summarised in Tables 7 and 8. Sensitivity studies based on Belle II simulation

for �1 measurement with the penguin dominated modes, B ! �KS , ⌘0KS , ⇡0KS , are per-

formed. The theoretical progress on the penguin pollution for high precision measurement of

�1 with the tree level processes is discussed. A Belle II sensitivity study on the challenging

B ! ⇡0⇡0 time-dependent CP asymmetry measurement for �2 determination is performed.

The subsequent �2 measurement will rely on isospin relations: theoretical estimates of the

isospin breaking e↵ects on the �2 determination are reviewed.

Measurement of the UT angle �3. The prospects for measuring the CKM UT angle

�3 with tree-level measurements of B ! D(⇤)K(⇤) decays are presented in this chapter,

summarised in Tables 9 and 10. It is expected that Belle II will ultimately reach a precision

of 1 to 2 degrees on this angle through use of a variety of channels and extraction techniques.

Hadronic B decays. This chapter presents at the prospects for charmless hadronic B

decays and direct CP violation, summarised in Tables 9 and 11. The theoretical computation

of the branching ratio and CP asymmetry of the B ! PP , PV , V V (P and V denote

pseudoscalar and vector mesons, respectively) processes using QCD and SU(3) symmetry
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8 Leptonic and Semileptonic B Decays
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Fig. 60: Feynman diagrams of semileptonic B decays, mediated by a charged weak boson

(left) as well as mediators predicted in new physics models: a charged Higgs (middle), and

a leptoquark (right).

where S and Tµ⌫ are scalar and tensor currents (here S = b̄q, Tµ⌫ = b̄i�µ⌫q, q = c, u). The

scalar form factor in Eq. (97) is the same as that Eq. (96), owing to the partial conservation

of the vector current (PCVC), i@ · V = (mb � mq)S. Feynman diagrams of SM and beyond

SM semileptonic B decays are shown in Fig. 60.

The doubly di↵erential partial width for B ! P `±⌫` (assuming no scalar or tensor current)

is [212]

d2�

dq2 d cos ✓`
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

8M3
B

�1/2
12

q2

✓
q2 � m2

1 � m2
2 � �12

q2
cos2 ✓

◆
�

q2
|f+|2+ (99)

+ ⇣12
(M2

B � M2
P )2

q2
|f0|2 ⌥ 2(m2

1 � m2
2)(M

2
B � M2

P )
�1/2

q2

�1/2
12

q2
cos ✓ < (f+f⇤

0 )

#
,

where Cq = 1/2 for ⇡0 and 1 otherwise,22 ⌘EW is an electroweak correction discussed below,

�12 and ⇣12 are obtained from Eqs. (92) and (93) by substituting M2
B ! q2, and

� = (M2
B + M2

P � q2)2 � 4M2
BM2

P , (100)

cos ✓ = 4��1/2

✓
1 �

m2
`

q2

◆�1 ✓
pB · q p` · q

q2
� pB · p`

◆
, (101)

the last being the angle in the centre-of-mass of the `` system between the B meson and

lepton 1 with charge ±1. Quantities such as �, �12 are sometimes known as the Källén

functions.

Integrating over cos ✓,

d�

dq2
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

⇢
��12|f+|2 + ⇣12

(M2
B � M2

P )2

q2
|f0|2

�
, (102)

where

�12 = 1 � m2
1 + m2

2

q2
� �12

3q22 . (103)

22 This factor stems from the fact that a b ! u current produces only the ūu component of the ⇡0.
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8 Leptonic and Semileptonic B Decaysb c
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Fig. 59: Feynman diagrams of purely leptonic B+ decays, mediated by a charged weak boson

(left) or a charged Higgs as predicted in new physics models (right).

8.2. Matrix Elements of Electroweak Currents

Author: A. S. Kronfeld (th.)

As hadronic matrix elements in exclusive leptonic and semileptonic decays are used in

Chapter 9, as well as here, it is convenient to standardise notation by collecting the neces-

sary formulae in one place. To keep the notation general, we write the definitions of decay

constants and form factors using B mesons in the initial state decaying to either pseu-

doscalar mesons (P = D, ⇡, K) or vector mesons (V = D⇤, ⇢, K⇤) in the final state. The

CKM elements for the tree-level decays will be abbreviated Vqb, where q = c, u.

8.2.1. Leptonic Decays B+ ! `+⌫ and B ! `+`�. At leading order in the electroweak

interaction, the amplitude for the leptonic decay contains a hadronic factor

h0|Aµ|B(p)i = ipµfB, (89)

where Aµ is an axial-vector current (for the charged current, Aµ = b̄�µ�5u – at Belle II, B+
c

decays will not be studied), and the decay constant fB is a useful parametrisation, because

the only Lorentz structure available is the B-meson 4-momentum pµ. By conservation of

angular momentum, the only other non-vanishing matrix element for B ! no hadrons is

h0|P |B(p)i = �i
M2

B

mb + mu
fB, (90)

where P is the pseudoscalar density (here P = b̄�5u), MB is the B-meson mass, and mb and

mu are renormalised quark masses.21 The decay constant fB is the same in Eqs. (89) and (90)

owing to the partial conservation of the axial-vector current (PCAC), @ · A = i(mb + mu)P ,

which holds when Aµ, P , and the masses are renormalised consistently. These considerations

apply amplitudes both to the charged-current decay B+ ! `+⌫` and to the flavour-changing

neutral-current (FCNC) decay B0
(s) ! `+`�. In each formula in this section, MB and fB are

the mass and decay constant of the B±, B0, or Bs meson, as the case may be. Feynman

diagrams of SM and beyond SM leptonic B+ decays are shown in Fig. 59.

The partial width for either decay is (assuming axial contributions only)

�(B ! `1`2) =
MB

4⇡
|G|2f2

B⇣12
�1/2

12

M2
B

, (91)

21 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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Least well 
constrained CKM 

element

!, µ,e

• SM: Lepton universality
• Theoretically robust –

hadronic uncertainties 
cancel (minor corrections)

R(D(�)) � B(B̄ � D(�)���̄� )
B(B̄ � D(�)���̄�)

D,D⇤
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Experiment
• Multiple neutrinos

• Tagged analyses
• Full B reconstruction
• Partial B reconstruction

• Leptonic & hadronic tau 
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R(D) and R(D*)
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*) BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, PRL120,171802(2018)
Average

Average of SM predictions

 = 1.0 contours2χΔ

 0.003±R(D) = 0.299 
 0.005±R(D*) = 0.258 

HFLAV

Summer 2018

) = 74%2χP(

σ4

σ2

HFLAV
Summer 2018

Combined: ≈3.9 σ from SM expectation

theory

experiment
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Golden modes for Belle II

 30

Table 4: Belle II Golden/Silver observables for the pure-leptonic and the semi-leptonic B

decays. Theory column indicates the robustness against the theory uncertainties. Discovery

column shows at which integrated luminosity a discovery of new physics is possible. Sys. limit

column indicates at which integrated luminosity the experimental or theoretical dominates.

The vs LHCb/BESIII, Belle columns show the originality and the competitiveness against

those experiments. Anomaly column indicates the existing hint of new physics at the time

of this report is completed and the NP column is to show whether the observable is sensitive

to a certain new physics models.
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s. lim
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1 ]

vs
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NP

• B ! ⇡`⌫l |Vub| ? ? ? 10-20 ? ? ? ? ? ? ?? ?• B ! Xu`⌫` |Vub| ?? 2-10 ? ? ? ?? ? ? ? ?• B ! ⌧⌫ Br. ? ? ? >50 (2) ? ? ? ? ? ? ? ? ? ?• B ! µ⌫ Br. ? ? ? >50 (5) ? ? ? ? ? ? ? ? ? ?• B ! D(⇤)`⌫` |Vcb| ? ? ? 1-10 ? ? ? ?? ?? ?• B ! Xc`⌫` |Vcb| ? ? ? 1-5 ? ? ? ?? ?? ??• B ! D(⇤)⌧⌫⌧ R(D(⇤)) ? ? ? 5-10 ?? ? ? ? ? ? ? ? ? ?• B ! D(⇤)⌧⌫⌧ P⌧ ? ? ? 15-20 ? ? ? ? ? ? ?? ? ? ?• B ! D⇤⇤`⌫` Br. ? - ?? ? ? ? ?? -

Time dependent CP violation in B decays. The prospects for time-dependent CP vio-

lation of B mesons and the determination of the CKM angles �1 and �2 are presented in

this chapter, summarised in Tables 7 and 8. Sensitivity studies based on Belle II simulation

for �1 measurement with the penguin dominated modes, B ! �KS , ⌘0KS , ⇡0KS , are per-

formed. The theoretical progress on the penguin pollution for high precision measurement of

�1 with the tree level processes is discussed. A Belle II sensitivity study on the challenging

B ! ⇡0⇡0 time-dependent CP asymmetry measurement for �2 determination is performed.

The subsequent �2 measurement will rely on isospin relations: theoretical estimates of the

isospin breaking e↵ects on the �2 determination are reviewed.

Measurement of the UT angle �3. The prospects for measuring the CKM UT angle

�3 with tree-level measurements of B ! D(⇤)K(⇤) decays are presented in this chapter,

summarised in Tables 9 and 10. It is expected that Belle II will ultimately reach a precision

of 1 to 2 degrees on this angle through use of a variety of channels and extraction techniques.

Hadronic B decays. This chapter presents at the prospects for charmless hadronic B

decays and direct CP violation, summarised in Tables 9 and 11. The theoretical computation

of the branching ratio and CP asymmetry of the B ! PP , PV , V V (P and V denote

pseudoscalar and vector mesons, respectively) processes using QCD and SU(3) symmetry
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Fig. 60: Feynman diagrams of semileptonic B decays, mediated by a charged weak boson

(left) as well as mediators predicted in new physics models: a charged Higgs (middle), and

a leptoquark (right).

where S and Tµ⌫ are scalar and tensor currents (here S = b̄q, Tµ⌫ = b̄i�µ⌫q, q = c, u). The

scalar form factor in Eq. (97) is the same as that Eq. (96), owing to the partial conservation

of the vector current (PCVC), i@ · V = (mb � mq)S. Feynman diagrams of SM and beyond

SM semileptonic B decays are shown in Fig. 60.

The doubly di↵erential partial width for B ! P `±⌫` (assuming no scalar or tensor current)

is [212]

d2�

dq2 d cos ✓`
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

8M3
B

�1/2
12

q2

✓
q2 � m2

1 � m2
2 � �12

q2
cos2 ✓

◆
�

q2
|f+|2+ (99)

+ ⇣12
(M2

B � M2
P )2

q2
|f0|2 ⌥ 2(m2

1 � m2
2)(M

2
B � M2

P )
�1/2

q2

�1/2
12

q2
cos ✓ < (f+f⇤

0 )

#
,

where Cq = 1/2 for ⇡0 and 1 otherwise,22 ⌘EW is an electroweak correction discussed below,

�12 and ⇣12 are obtained from Eqs. (92) and (93) by substituting M2
B ! q2, and

� = (M2
B + M2

P � q2)2 � 4M2
BM2

P , (100)

cos ✓ = 4��1/2

✓
1 �

m2
`

q2

◆�1 ✓
pB · q p` · q

q2
� pB · p`

◆
, (101)

the last being the angle in the centre-of-mass of the `` system between the B meson and

lepton 1 with charge ±1. Quantities such as �, �12 are sometimes known as the Källén

functions.

Integrating over cos ✓,

d�

dq2
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

⇢
��12|f+|2 + ⇣12

(M2
B � M2

P )2

q2
|f0|2

�
, (102)

where

�12 = 1 � m2
1 + m2

2

q2
� �12

3q22 . (103)

22 This factor stems from the fact that a b ! u current produces only the ūu component of the ⇡0.
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Fig. 59: Feynman diagrams of purely leptonic B+ decays, mediated by a charged weak boson

(left) or a charged Higgs as predicted in new physics models (right).

8.2. Matrix Elements of Electroweak Currents

Author: A. S. Kronfeld (th.)

As hadronic matrix elements in exclusive leptonic and semileptonic decays are used in

Chapter 9, as well as here, it is convenient to standardise notation by collecting the neces-

sary formulae in one place. To keep the notation general, we write the definitions of decay

constants and form factors using B mesons in the initial state decaying to either pseu-

doscalar mesons (P = D, ⇡, K) or vector mesons (V = D⇤, ⇢, K⇤) in the final state. The

CKM elements for the tree-level decays will be abbreviated Vqb, where q = c, u.

8.2.1. Leptonic Decays B+ ! `+⌫ and B ! `+`�. At leading order in the electroweak

interaction, the amplitude for the leptonic decay contains a hadronic factor

h0|Aµ|B(p)i = ipµfB, (89)

where Aµ is an axial-vector current (for the charged current, Aµ = b̄�µ�5u – at Belle II, B+
c

decays will not be studied), and the decay constant fB is a useful parametrisation, because

the only Lorentz structure available is the B-meson 4-momentum pµ. By conservation of

angular momentum, the only other non-vanishing matrix element for B ! no hadrons is

h0|P |B(p)i = �i
M2

B

mb + mu
fB, (90)

where P is the pseudoscalar density (here P = b̄�5u), MB is the B-meson mass, and mb and

mu are renormalised quark masses.21 The decay constant fB is the same in Eqs. (89) and (90)

owing to the partial conservation of the axial-vector current (PCAC), @ · A = i(mb + mu)P ,

which holds when Aµ, P , and the masses are renormalised consistently. These considerations

apply amplitudes both to the charged-current decay B+ ! `+⌫` and to the flavour-changing

neutral-current (FCNC) decay B0
(s) ! `+`�. In each formula in this section, MB and fB are

the mass and decay constant of the B±, B0, or Bs meson, as the case may be. Feynman

diagrams of SM and beyond SM leptonic B+ decays are shown in Fig. 59.

The partial width for either decay is (assuming axial contributions only)

�(B ! `1`2) =
MB

4⇡
|G|2f2

B⇣12
�1/2

12

M2
B

, (91)

21 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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• R(D(∗)) [Red] 
R(τν) [Blue] 
R(π) [Grey]  

• Dashed: Belle II
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Figure 1.2: Current and expected constraints on
the NP contribution at 95% CL assuming C(c,⌫⌧ )

X =
C(u,⌫⌧ )

X ⌘ CX for X = V1, V2, S1, and S2. The cur-
rent constraints are shaded in red, blue, and gray
for RD(⇤) , Rps, and R⇡, respectively. The expected
constraints are shown with dashed boundaries and
obtained for the case that the central values are
same as the current experimental results and the

uncertainties are rescaled at Belle II with 50 ab�1

of accumulated data. Note that S1 is already in-
consistent with the current experimental results of
RD(⇤)

O(u,⌫⌧ )
X are identical, namely C(c,⌫⌧ )

X = C(u,⌫⌧ )
X ⌘205

CX , the ratios are all correlated and then used to206

test such scenarios. In order to estimate a Belle II207

potential, we assume that the present central values208

do not change and the uncertainties are rescaled209

at Belle II with 50 ab�1 of accumulated data. In210

Fig. 1.2, we show current and expected constraints211

on CX at 95% CL for X = V1, V2, S1, and S2. At212

present, V1 and V2 scenarios are consistent with the213

experimental results of RD(⇤) , Rps, and R⇡ while S1214

and S2 cannot accommodate them simultaneously.215

Note that S1 cannot explain the current experi-216

mental results of RD(⇤) . At Belle II with 50 ab�1,217

we can see that expected constraints become quite 218

narrow and allow us to identify a NP scenario. 219

Expected lower limit on CX obtained at Belle II 220

will be discussed here. To be written. 221

Distributions: 222

Usability for q2 will be discussed here. To be writ- 223

ten. 224

1.2.2 (Semi-)leptonic rare decays 225

Wolfgang Altmannshofer 226

Theoretical Framework. 227

The e↵ective Hamiltonian that enables the model 228

independent studies of the leptonic decays B0 ! 229

`+`� and Bs ! `+`� as well as semileptonic tran- 230

sitions of the type b! d``, b! s``, b! d⌫⌫ and 231

b! s⌫⌫ can be written as 232

He↵ = HSM
e↵ �

4GFp
2

V ⇤
tqVtb

X

i

CNP
i Oi , (1.11)

where HSM
e↵ is the e↵ective Hamiltonian of the SM,

CNP
i are the Wilson coe�cients encoding the e↵ect

of new physics and Oi are dimension 6 operators
built from light SM particles.1 Following the nota-
tion of [4], the most relevant operators are dipole
operators

(O(0)
7 )q =

e

16⇡2
mb(q̄�µ⌫PR(L)b)Fµ⌫ , (1.12)

(O(0)
8 )q =

gs

16⇡2
mb(q̄�µ⌫T aPR(L)b)Ga

µ⌫ ,(1.13)

1Note that it is far from established if the SM particles
are the only dynamical degrees of freedom below the electro-

weak scale. If new light particles interact su�ciently weak
with the SM, they can evade direct detection. Examples

are axions, light Higgs particles, light dark matter, sterile

neutrinos and dark photons. If such new degrees of freedom

are lighter than B mesons, novel exotic decay modes of B
mesons can open up that are not described by the e↵ective
Hamiltonian formalism but require the explicit addition of

light new particles to the SM [2]. Exotic signatures include
the decays of B mesons into invisible particles or resonances

in the di-lepton invariant mass spectra [3].

4

Models of physics beyond the Standard Model78

(BSM) need not involve any of the above-mentioned79

suppression factors. For example, some of the80

models discussed in this chapter permit FCNC81

transitions at tree level. An important category82

in the classification of BSM theories is the prop-83

erty of minimal flavour violation (MFV)[1, ?] . In84

MFV theories the only sources of flavour violation85

are the Yukawa matrices of the SM and enter the86

amplitudes in such a way that flavour-changing87

transitions involve the same CKM elements as the88

corresponding SM contribution. MFV theories may89

still have CP phases in addition to the Kobayashi-90

Maskawa phase. Usually the MFV property is an91

add-on to a given model of new physics, for exam-92

ple the Minimal Supersymmetric Standard Model93

(MSSM) can be studied with our without MFV.94

New physics will change the Wilson coe�cients95

(see Ch. ??) from their SM values. Also new oper-96

ators can occur, meaning that Wilson coe�cient97

vanishing in the SM acquire non-zero values. In98

general, several observables depend on the same99

Wilson coe�cient, so that new physics will appear100

in di↵erent measurements in a correlated way. This101

means that new-physics analyses must keep on eye102

on other flavour experiments, which may probe103

the same Wilson coe�cients as Belle II through104

di↵erent observables. In this chapter we discuss105

such correlations with other experiments, wherever106

appropriate. However, it is important to note that107

there are sectors of BSM flavour physics which are108

exclusively probed at Belle II, such as B decays to109

⌧ ’s and/or missing energy.110

1.2 Model-independent analyses111

of new physics112

One can parametrize all possible types of new113

physics in terms of Wilson coe�cients of the weak114

e↵ective hamiltonian. In hadronic decays this ap-115

proach involves too many coe�cients to be feasible116

in practice. However, in some cases only a re-117

stricted set of Wilson coe�cients contributes and118

such model-independent fits are possible. These119

cases are discussed in this section.120

1.2.1 Tree-level decays 121

Ryoutaro Watanabe 122

(Semi-)leptonic B meson decays are derived 123

from the quark level process, b ! q`⌫ for q = u 124

and c. The SuperKEKB/Belle II has a su�cient 125

ability to measure a variety of observables for 126

B̄ ! D(⇤)`⌫̄, B̄ ! ⇡`⌫̄, and B̄ ! `⌫̄ (for ` = ⌧ , 127

µ, e). As is well-known, at present, a clear dis- 128

crepancy of 4� between the experimental results 129

and the SM predictions exists in the observables 130

RD(⇤) ⌘ B(B̄ ! D(⇤)⌧ ⌫̄)/B(B̄ ! D(⇤)`⌫̄) for ` = µ 131

or e. Motivated by this, it would be instructive to 132

consider new physics scenarios that a↵ect (semi- 133

)tauonic B meson decays, in order to see potentials 134

for new physics searches at Belle II. 135

In the presence of all possible new physics in the 136

process b! q⌧⌫, the e↵ective Lagrangian can be 137

described by 138

�Le↵ =2
p

2GF Vqb

h
(�⌫⌧ ,⌫` + C(q,⌫`)

V1
)O(q,⌫`)

V1

+
V2,S1,S2,TX

X=

C(q,⌫`)
X O(q,⌫`)

X

i
, (1.1)

for q = u and c, where the four-Fermi operators 139

OX are written as 140

O(q,⌫`)
V1

= (q̄�µPLb)(⌧̄ �µPL⌫`) , (1.2)

O(q,⌫`)
V2

= (q̄�µPRb)(⌧̄ �µPL⌫`) , (1.3)

O(q,⌫`)
S1

= (q̄PRb)(⌧̄PL⌫`) , (1.4)

O(q,⌫`)
S2

= (q̄PLb)(⌧̄PL⌫`) , (1.5)

O(q,⌫`)
T = (q̄�µ⌫PLb)(⌧̄�µ⌫PL⌫`) , (1.6)

and CX denotes the Wilson coe�cient of OX nor- 141

malized by 2
p

2GF Vqb. The superscript (q, ⌫`) spec- 142

ifies the flavors of the quark and the neutrino in 143

b ! q⌧⌫`; O(c,⌫`)
X contributes to B̄ ! D(⇤)⌧ ⌫̄, 144

whereas O(u,⌫`)
X contributes to B̄ ! ⇡⌧ ⌫̄ and 145

B̄ ! ⌧ ⌫̄. Note that it is not necessary that the neu- 146

trino flavor is the same as ⌫⌧ for new physics since 147

it is not identified by the experiment. Eq. (1.1) 148

is the most general form without considering the 149

right-handed neutrinos. 150

In the following part, we report measurable 151

observables which can be useful to search for 152

2

8 Leptonic and Semileptonic B Decays

Table 50: Expected precision for RD(⇤) and P⌧ (D⇤) at Belle II, given as the relative uncer-

tainty for RD(⇤) and absolute for P⌧ (D⇤). The values given are the statistical and systematic

errors respectively.

5 ab�1 50 ab�1

RD (±6.0 ± 3.9)% (±2.0 ± 2.5)%

RD⇤ (±3.0 ± 2.5)% (±1.0 ± 2.0)%

P⌧ (D⇤) ±0.18 ± 0.08 ±0.06 ± 0.04

R(D)
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Fig. 70: Expected Belle II constraints on the RD vs RD⇤ plane (left) and the RD⇤ vs P⌧ (D⇤)

plane (right) compared to existing experimental constraints from Belle. The SM predictions

are indicated by the black points with theoretical error bars. In the right panel, the NP

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

be achieved. However, although challenging, our understanding of these modes should be

improved by future measurements at Belle II and hence the systematic uncertainty will be

further reduced. As shown in Fig. 68, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the

EECL shape to discriminate between signal and background events. One possible challenge

at Belle II is therefore to understand the e↵ects from the large beam-induced background

on EECL. From studies of B ! ⌧⌫, shown earlier in this section, EECL should be a robust

observable.

With the Belle II data set NP scenarios can be precisely tested with q2, and other distri-

butions of kinematic observables. Figure 71 demonstrates the statistical precision of the q2

measurement with 50 ab�1 data based on a toy-MC study with the hadron tag based anal-

ysis. A quantitative estimation of the future sensitivity to a search for NP in B̄ ! D(⇤)⌧ ⌫̄

is shown in Fig. 72 [277]: it shows the regions of CX that are probed by the ratios (red)

and the q2 distributions (blue) at Belle II with 5. ab�1 (dashed lines) and 50 ab�1 (solid

lines) respectively, at 95% CL.26 One finds that the distributions are very sensitive to all

26 To see how small a NP contribution that can be probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [251]
for q2 distributions and given as the world average [217] for the ratios, are luminosity scaled. See
Ref. [277] for further details of the analysis.

187/707

)2/c2 (GeV2q
4 5 6 7 8 9 10 11 12

Ev
en

ts
 (a

rb
itr

ar
y 

un
its

)

0

10

20

30

40

50

)2/c2 (GeV2q
4 5 6 7 8 9 10 11 12

Ev
en

ts

0

200

400

600

800

1000

1200

Fig. 9: (left) q2 distribution in the hadronic tag analysis and ⌧�
! `�⌫̄`⌫⌧ with the full Belle

data sample [26]. (right) Projection to the 50 ab�1 of the Belle II data. In both panels,

the solid histograms show the predicted distribution shape with the 2HDM of type II at

tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM

hypothesis.

distributions (blue) at Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95%

CL3. One finds that the distributions are sensitive to the scalar and tensor scenarios. On

the other hand, the ratios and distributions are comparable for constraining the other new

physics scenarios. A new physics contribution that enters in CX is typically described as

CX ⇡
1

2
p

2GFVcb

gg0

M2
NP

, (48)

where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at536

the NP mass scale MNP). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II537

reach of new physics mass scale, MNP ⇠ (2
p

2GFVcbCX)�1/2, is about 5 – 10 TeV.538

1.4.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.)539

As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions540

have been reported by the B physics experiments. This is particularly interesting because541

the processes are described by the b ! c charged current and predicted at the tree level in542

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also543

provide hints of new physics.544

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in545

Ref. [67]. They observed no significant signal and obtained the 90% CL upper limit as B(B !546

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,547

where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
Ref. [66] for further details of the analysis.
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50 ab-1 projection of the  
subtracted q2 spectrum 

in B → D* τ ν (HT)

• Differential 
measurements are key 
for discriminating NP. 

• How would NP change 
the differentials?

R(D(�))
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Leptonic decays

• Clean |Vub| [fb via lattice]
• SM

– B(B →tn) = 7.5�1.x10-5

– B(B → µn) = (3.8�0.3)x10-7

– B(B → en)  ≈ 10-11

• Lepton universality

B(B+ ⇥ ⇤+�� ) =
G2

F mB

8⇥
m2

�

�
1� m2

�

m2
B

�2

f2
B |Vub|2⇤B

1

ℓ−

ν̄ℓ

ℓ+

νℓ

d

ū

R(⌧ ⌫̄) ⌘ B(B� ! ⌧�⌫̄⌧ )

B(B� ! `�⌫̄`)
systematics cancel in ratio 

→ strong test of universality
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Leptonic decays

PDG 2017
PRL 121, 031801 (2018)

SM
B(B →tn) = 7.5�1.x10-5

B(B → µn) = (3.8�0.3)x10-7

Experiment
B(B →tn) = (1.09�0.24) x 10-4

B(B → µn) = (6.4�2.2�1.6)x10-7

the MC prediction of this ratio RMC ¼ 114.6=11746¼
0.976× 10−2, obtained assuming BðB→μν̄μÞ¼3.80×10−7

and BðB̄0 → πþ l−ν̄lÞ ¼ 1.45× 10−4 (the PDG average
[3]). The fitted value of R results in the branching fraction
BðB → μν̄μÞ ¼ ð6.46% 2.22Þ × 10−7, where the quoted
uncertainty is statistical only. The statistical significance
of the signal is3.4σ, determined from the likelihood ratio of
the fits with a free signal component and with the signal
component fixed to zero. The fit result of the reference
process B̄ → πl−ν̄l agrees with the MC prediction to better
than 10%. The projections of the fitted distribution in the
signal-enhanced regions are shown in Fig. 2. The fit
qualities of the displayed projections are χ2=ndf ¼
27.6=16(top panel) and χ2=ndf ¼ 29.1=25(bottom panel),
taking into account only data uncertainties.
The double ratio R=RMC benefits from substantial

cancellation of the systematic uncertainties from muon
identification, lepton and neutral-kaon vetos, and the
companion B-meson decay mismodeling, as well as
partially canceling trigger uncertainties and possible
differences in the distribution of the onn variable.
In the signal region, the main background contribution

comes from charmless semileptonic decays; in particular,
the main components B̄ → πl−ν̄l and B̄ → ρl−ν̄l, which
peak at high onn values, are carefully studied. With soft and
undetected hadronic recoil, these decays are kinematically
indistinguishable from the signal in an untagged analysis.
For the B̄ → πl−ν̄l component, we vary the form-factor
shape within uncertainties obtained with the new lattice

QCD result [5] and the procedure described in Ref. [4],
which was used to estimate the value of jVubj. Since the
form factor is tightly constrained, the contribution to the
systematic uncertainty from the B̄ → πl−ν̄l background is
estimated to be only 0.9%. For the B̄ → ρl−ν̄l component,
the form factors at high q2 or high muon momentum have
much larger uncertainties and several available calculations
are employed [30–32], resulting in a systematic uncertainty
of 12%. The B̄ → ρl−ν̄l decays are a significant part of the
background in the low muon momentum region, and form-
factor mismodeling may lead to a worse description of the
data in this region.
The rare hadronic decay B− → K0

Lπ
−, where K0

L is not
detected and the high momentum π is misidentified as a
muon, is also indistinguishable from the signal decay and
has a similar onn shape. This contribution is fixed in the fit
and the signal yield difference, with and without the B− →
K0

Lπ
− component, of 5.5% is taken as a systematic

uncertainty since GEANT3 poorly models K0
L interactions

with materials.
The not-yet-discovered process B− → μ−ν̄μγ with a soft

photon can mimic the signal decay. To estimate the
uncertainty from this hypothetical background, we perform
the fit with this contribution fixed to half of the best upper
limit BðB− → μ−ν̄μγÞ < 3.4 × 10−6 at 90% C.L. by Belle
[33] and take the difference of 6% as the systematic
uncertainty.
In the region p&

μ > 2.85GeV=c, where only continuum
events are present, we observe an almost linearly growing
data-fit difference as a function of onn with a maximum
deviation of ∼20% at onn ∼ 1. To estimate the potential bias
due to this dependence, we rescale linearly with onn the
continuum histograms used in the fit and refit, obtaining a
15% lower value of R. For peaking components such as
the signal B− → μ−ν̄μ and the normalization decay
B̄ → πl−ν̄l, we use the fit-to-data ratio in the region p&

μ <
2.5GeV=c and apply it to the peaking components in the
signal-region histograms (B− → μ−ν̄μ, B̄ → πl−ν̄l, and
B̄ → ρl−ν̄l). Refitting produces an 11% higher value of
R. Simultaneously applying both effects leads to only a 2%
shift in the refitted central value; thus, we include the
individual deviations as systematic uncertainties in the
continuum and signal peak descriptions.
In some cases, the signal muon and detected fraction of

the particles from the companion B-meson decay do not
provide enough particles for an event to be identified as a
B-meson decay and hence to be recorded. The efficiency
for recording these events is 84%, as calculated using
MC, and we take the event-recording uncertainty to be
half of the inefficiency (8%) since it will be partially
canceled by taking the ratio with the normalization
process B̄ → πl−ν̄l.
The branching fraction of the normalization process

B̄ → πl−ν̄l is known with 3.4% precision [3], and this
is included as a systematic uncertainty.
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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
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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

`+`�

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 4/15

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 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
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Full Run-1 dataset and new analysis confirms discrepancy

]4c/2 [GeV2q
0 5 10 15

5'P

-2

-1

0

1

2
LHCb

SM from DHMV

Global fit with new physics parameterisation (C9
NP, C10

NP) seems to reproduce observed discrepancy pattern

]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

Intoduction Angular Analysis Result

What’s new at LHCb? LHCb Overview. Matthew Kenzie

]4c/2 [GeV2q
0 5 10 15 20

]
-2

 G
eV

4 c × 
-7

 [1
0

2 q
/d

Bd

0

0.5

1

1.5

Theory Binned
LHCb CDF BaBar Belle CMS

]4c/2 [GeV2q
0 5 10 15 20

FBA

-1

-0.5

0

0.5

1

Theory Binned
LHCb CDF BaBar Belle ATLAS CMS

]4c/2 [GeV2q
0 5 10 15 20

L
F

0

0.2

0.4

0.6

0.8

1

Theory Binned
LHCb CDF BaBar Belle ATLAS CMS

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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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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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
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Intoduction Angular Analysis Result
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Figure 3 – Comparison of observables in B0 � �+��K� from Babar [30], Belle [31], CDF [32], CMS [33], Atlas [34]
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the forward-backward asymmetry AFB, and the K� longitudinal polarisation fraction FL. All observables are
plotted in bins of the dilepton mass squared q2.
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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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In cms of l+l–

• SM: rare (B≈10–6) 

• Theory: hadronic uncertainty

• Inclusive {b→s(all)l+l–} is more robust

• Exclusive modes {e.g., B → K*l+l–} – angular 

distributions & correlations

• Experiment: no neutrinos!

• Inclusive: more challenging
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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  
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experimentally and theoretically clean 

13. March 2016 3/19 

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
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

Rare B decays: 

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
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW penguin and box

diagrams in the SM

b s
W

�, Z0

t µ�

µ+

b s
t

W W�

µ�

µ+

b s
g̃

H

d̃ µ�

µ+

b s
t

H� H+
�

µ�

µ+

T. Blake Rare B and D decays 3 / 25

b ! sµ+
µ

� example

Standard Model

b s

µ
+

µ
�

t

�, Z
0

W
�

b s

µ
+

µ
�

⌫

W
�

W
+

t

“New physics” (loop order and at tree level)

b s

µ
+

µ
�

d̃i

�, Z
0

�̃
0

b s

µ
+

µ
�

d̃i

H
0

g̃ b s

µ
+

µ
�

⌫

H
�

H
+

t b s

µ
+

µ
�

Z
0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

b ! sµ+
µ

� example

Standard Model

b s

µ
+

µ
�

t

�, Z
0

W
�

b s

µ
+

µ
�

⌫

W
�

W
+

t

“New physics” (loop order and at tree level)

b s

µ
+

µ
�

d̃i

�, Z
0

�̃
0

b s

µ
+

µ
�

d̃i

H
0

g̃ b s

µ
+

µ
�

⌫

H
�

H
+

t b s

µ
+

µ
�

Z
0

Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.

T. Blake Rare FCNC decays 6 / 43

•  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 

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

`+`�

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 4/15

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 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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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
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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

`+`�

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 4/15

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 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
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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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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
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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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S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 4/15

Intoduction Angular Analysis Result

P 0
5 =
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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)
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Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy

]4c/2 [GeV2q
0 5 10 15

5'P

-2

-1

0

1

2
LHCb

SM from DHMV

Global fit with new physics parameterisation (C9
NP, C10

NP) seems to reproduce observed discrepancy pattern

]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
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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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NP0 ≈60% of all modes
Belle PRD 93, 032008 (2016)

AFB �
�(b� s�+��; cos � > 0)� �(b� s�+��; cos � < 0)
�(b� s�+��; cos � > 0) + �(b� s�+��; cos � < 0)

semi-inclusive forward/backward angular asymmetry 

fixed using the J=ψXs data. The mean and width of the
signal Gaussian function are varied within their uncertain-
ties. The histogram shape of the self cross-feed background
is estimated from signal MC events. The entries in the bins
are varied according to a Gaussian distribution whose
standard deviation is the statistical uncertainty of the
MC sample. The total systematic uncertainty is estimated
by summing the above uncertainties in quadrature.

VIII. FORWARD-BACKWARD ASYMMETRY

Figures 2, 3, 4, 5, and 6 show the Mbc distributions for
B → Xseþe− and B → Xsμþμ− candidates with positive
and negative cos θ in each q2 bin. The total signal yields for
B → Xseþe− and B → Xsμþμ− are 140" 19ðstatÞ and
161" 20ðstatÞ, respectively. The fit results obtained in
each q2 bins are summarized in Table II. Figure 7 shows the
AFB distribution as a function of q2. The AFB results are
found to be consistent with the SM prediction in the 2nd to
4th q2 bins, while it deviates from the SM in the 1st q2 bin

by 1.8σ; here, the systematic uncertainty is taken into
account. The results in the 3rd and 4th bin also excludes
AFB < 0 at the 2.3σ level.
To distinguish the contributions from B → Klþl−,

B → K%lþl−, and non-Kð%Þlþl− candidates, we divide
the samples into distinctMXs

ranges and extractAFB by the
same fitting method. Table IV shows theAFB values in each
subsample. AFB in B → Klþl− is consistent with null, as
expected in the SM, while AFB in B → K%lþl− is
consistent with previous measurements [9–13].

IX. CONCLUSION

In conclusion, we report the first measurement of the
lepton forward-backward asymmetry for the electroweak
penguin process B → Xslþl− using a data sample con-
taining 772 × 106 BB̄ pairs collected with the Belle
detector.AFB for the inclusiveB → Xslþl− is extrapolated
from the sum of 10 exclusive Xs states, assuming AFB
depends neither on the lepton flavor nor on the Xs mass.
For q2 > 10.2 GeV2=c2, AFB < 0 is excluded at the 2.3σ
level. For q2 < 4.3 GeV2=c2, the result is within 1.8σ of
the SM expectation. The results can be used to constrain
various extensions of the SM.
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The uncertainty on the SM prediction is estimated by varying the
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in the q2 region larger than maximum possible value, which is
determined by the masses of the bottom and strange quarks.

TABLE IV. Fit results for subsamples of (i) B → Klþl−, (ii) B → K−πþlþl−, K−π0lþl−, or K0
Sπ

−lþl− with MXs
< 1.1 GeV=c2,

and (iii) B → Xslþl− withMXs
> 1.1 GeV=c2 for the five q2 bins. The uncertainty includes only statistical uncertainty. Unfortunately,

AFB for B → Klþl− cannot be obtained in 3rd q2 bin, due to too low statistics.

State 1st q2 bin 2nd q2 bin 3rd q2 bin 4th q2 bin 1 < q2 < 6 GeV2=c2

K −0.05" 0.24 −0.11" 0.29 n.a. 0.12" 0.18 0.00" 0.13
K% with MXs

< 1.1 GeV=c2 0.62" 0.42 0.20" 0.33 0.01" 0.34 0.21" 0.22 0.55" 0.43
Xs with MXs

> 1.1 GeV=c2 0.25" 0.45 0.97" 0.60 0.92" 0.32 0.65" 0.54 0.74" 0.54
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Low q2: within 
1.8 σ of SM 
expectation

High q2: 
consistent w SM, 
AFB<0 excluded 
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⇾ 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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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
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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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⇾ 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
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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

`+`�

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 4/15

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 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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Flavour anomalies
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LHCb showed results with full angular analyses for K*µµ 
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Full Run-1 dataset and new analysis confirms discrepancy
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Intoduction Angular Analysis Result
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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
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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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(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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Belle II commissioning

• 11/17 Cosmic rays

• 3/18 “Phase II” with beams 

– Increasing bunch numbers

– Specific luminosity

– Background studies/reduction

• 7/17/18 end Phase II: L > 5.5 x 1033 cm–2s–1

– ∫L dt ≈ 0.5 fb–1

• 4/26/18 First collisions/ L > 1 x 1033 cm–2s–1
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Belle II commissioning

• Phase II data – confirm/develop
qDAQ
qCalibrations 
qOffline analysis
qTracking
qCalorimetry
qParticle ID
qBeam energy & collisions
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tracking, calorimetry

ICHEP Seoul 2018 Phillip URQUIJO

Performance / Calibration modes
• Spatial resolution of the new vertex detector a factor 

~2x better than Belle, ~30% larger acceptance for KS  

• K/π separation → 2x lower misidentification rates 

• A6er first calibration: spectacular performance (mid-
commissioning run). Invariant masses spot-on!

 27
Figure 2: This figure shows the invariant mass distribution of K0

S ! ⇡+⇡� candidates
in 250 pb�1 of collision data. Events are required to contain at least three good tracks
to purify the sample with processes of the type e+e� ! hadrons, while rejecting beam
induced background, Bhabha scattering, and other low multiplicity background sources.
The events are selected with 0.45 < m(⇡+⇡�) < 0.55 GeV/c2. A vertex fitter based on
a Kalman algorithm is used to fit the vertex to reject candidates where the tracks do not
originate from near a common decay point. A track quality criteria of > 0.001 is applied on
the tracks that originate within the beam pipe. An optimised selection is done in di↵erent
regions of K0

S momentum based on the variables - minimum of the smallest approach of
the two daughter tracks, azimuthal angle between momentum and the decay vertex of
K0

S candidate, distance between two daughter tracks at their interception point and flight
length of the K0

S candidate. The internal document reference is BELLE2-NOTE-PH-2018-
017.

2

 σDATA = σMC*1.05

 σDATA = σMC*1.1

Nano-beam z-
profile measured 
with Silicon VXD

S. Tanaka
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ICHEP Seoul 2018 Phillip URQUIJO

Charm “rediscovery”
• Open charm, D0, D+, Ds+, D*+, D*0 and Charmonium J/ψ. Found the difficult to see D0→KS π0.
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Figure 1: This figure shows the invariant mass distribution of J/ ! e+e�candidates in
250 pb�1 of collision data. Events are required to contain at least three good tracks to
purify the sample with processes of the type e+e� !hadrons, while rejecting beam induced
background, Bhabha scattering, and other low multiplicity background sources. The e+ and
e� candidates are tracks required to have impact parameters, |d0| and |z0| < 0.5 cm and
3.0 cm respectively. EECL/p � 0.9 is applied to both e+ and e�. Bremsstrahlung photons
with E� < 1.0 GeV are added to e+and e� tracks in a cone < 5�. The J/ candidates are
searched in, 0.4  p⇤J/ 2 GeV. The internal document reference is BELLE2-NOTE-PH-
2018-014.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K0
S⇡

0 for 0.144 < �M < 0.146 GeV/c2.
The selection criteria are the same as mentioned in BELLE2-NOTE-PL-2018-012. Addi-
tionally ⇡0 candidates are selected with 0.124 < M(��) < 0.140 GeV/c2 and the daughter
� candidates are kinematically constrained to the nominal ⇡0 mass. The K0

S candidate
selection is applied as mentioned in BELLE2-NOTE-PL-2018-016. The internal document
reference is BELLE2-NOTE-PH-2018-004.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D+ ! K�⇡+⇡+. Events are required to contain at least
three good tracks to purify the sample with processes of the type e+e� ! hadrons, while
rejecting beam induced background, Bhabha scattering, and other low multiplicity back-
ground sources. The charged kaon and pion tracks are required to have impact parameters,
|d0| and |z0| less than 0.5 cm and 3.0 cm respectively. No particle identification criteria is
applied. The D+ candidates are required to have a centre-of-mass momentum of greater
than 2.5 GeV/c to select cc̄ events. The internal document reference is BELLE2-NOTE-
PH-2018-004.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in
250 pb�1 of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K�⇡+ for 0.144 < �M <
0.146 GeV/c2. Events are required to contain at least three good tracks to purify the
sample with processes of the type e+e� ! hadrons, while rejecting beam induced back-
ground, Bhabha scattering, and other low multiplicity background sources. The charged
kaon and pion tracks are required to have impact parameters, |d0| and |z0| less than 0.5 cm
and 3.0 cm respectively. Particle identification criteria > 0.5 is applied to K�. The D⇤

candidates are required to have a centre-of-mass momentum of greater than 2.5 GeV/c to
select cc̄ events. The internal document reference is BELLE2-NOTE-PH-2018-004.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K+K� for 0.144 < �M <
0.146 GeV/c2. The selection criteria are the same as mentioned in BELLE2-NOTE-PL-
2018-012. The internal document reference is BELLE2-NOTE-PH-2018-004.
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FIG. 3: This figure shows the invariant mass distribution of J/ ! µ+µ� candidates in 250 pb�1

of Phase 2 data. Both tracks are required to point to the BKLM subdetector (37� < #trk < 130�);
at least 1 track is required to have muonID > 0.001 and to have the PID information available
from the KLM subdetector. Selection criteria and further details are described in the internal note
BELLE2-NOTE-PH-2018-016.
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Particle ID: iTOP (Japan/US/Slovenia/Italy)
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 Principle of Operation I 

π and K have different θc according to cos θc = 1/nβ$
⇒ different γ hit positions and arrival times. For p=3 
GeV/c, Δθc = 0.65 degrees       Δt = 68 ps per m 

expansion prism
track

�

quartz bar
multi�channel phototube

spherical mirrorθc$

multi-anode 
(pixelated)       
phototube 
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2008/3/19-20 Open meeting for proto-collaboration 4

TOP counter
! 2D position information " Position+Time

! Compact detector!

~400mm
Linear-array type
    photon detector

LX

20mm

Quartz radiator
x

y

z
Linear array PMT 
(~5mm)
Time resolution !~40ps

~2m
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16000

18000
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24000
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28000
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-20 -10 0 10 20

TD
C 

(ps
)

X (cm)

K

"

Simulation

2GeV/c, #=90 deg.

~200ps

Different opening angle for the same momentum
" Different propagation length(= propagation time)

+ TOF from IP works additively.

x 
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 iTOP Geometry 

mirror 

prism 

bar 

bar 

270 cm 

45 cm 

Bars: medium to generate 
Cerenkov radiation. Two bars of 
dimensions 2 x 45 x 125 cm3 are 
glued together to make a “long 
bar” of length 2.5 m. 

Mirror: to focus Cerenkov 
photons onto PMTs, thus 
improving imaging. 
Dimensions are 2 x 45 x 10 
cm3. Mirrors are spherical with 
focal length of 2.5 m. 

Prism: to expand the image of 
Cerenkov cone, improving 
resolution and reducing 
ambiguities. Dimensions are 2 x 
45 x 10 cm3; angle of tilted fact is 
X degrees.  

May be 100-150 reflections off large top and bottom faces 

2 cm

16 modules, barrel configuration

Multichannel MCP-PMT
readout

64 x-channels

8 y-channels

Quartz Cerenkov radiator

Particle ID from
x, y, t

20-40 hits/track
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Particle ID: iTOP

t vs x

Kinematically identified kaon from a D*+

Pion PDF Kaon PDF

PDF depends on particle speed, entry point & angle
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Particle ID

ICHEP Seoul 2018 Phillip URQUIJO

Charm “rediscovery”
• Open charm, D0, D+, Ds+, D*+, D*0 and Charmonium J/ψ. Found the difficult to see D0→KS π0.
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Figure 1: This figure shows the invariant mass distribution of J/ ! e+e�candidates in
250 pb�1 of collision data. Events are required to contain at least three good tracks to
purify the sample with processes of the type e+e� !hadrons, while rejecting beam induced
background, Bhabha scattering, and other low multiplicity background sources. The e+ and
e� candidates are tracks required to have impact parameters, |d0| and |z0| < 0.5 cm and
3.0 cm respectively. EECL/p � 0.9 is applied to both e+ and e�. Bremsstrahlung photons
with E� < 1.0 GeV are added to e+and e� tracks in a cone < 5�. The J/ candidates are
searched in, 0.4  p⇤J/ 2 GeV. The internal document reference is BELLE2-NOTE-PH-
2018-014.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K0
S⇡

0 for 0.144 < �M < 0.146 GeV/c2.
The selection criteria are the same as mentioned in BELLE2-NOTE-PL-2018-012. Addi-
tionally ⇡0 candidates are selected with 0.124 < M(��) < 0.140 GeV/c2 and the daughter
� candidates are kinematically constrained to the nominal ⇡0 mass. The K0

S candidate
selection is applied as mentioned in BELLE2-NOTE-PL-2018-016. The internal document
reference is BELLE2-NOTE-PH-2018-004.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D+ ! K�⇡+⇡+. Events are required to contain at least
three good tracks to purify the sample with processes of the type e+e� ! hadrons, while
rejecting beam induced background, Bhabha scattering, and other low multiplicity back-
ground sources. The charged kaon and pion tracks are required to have impact parameters,
|d0| and |z0| less than 0.5 cm and 3.0 cm respectively. No particle identification criteria is
applied. The D+ candidates are required to have a centre-of-mass momentum of greater
than 2.5 GeV/c to select cc̄ events. The internal document reference is BELLE2-NOTE-
PH-2018-004.
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-1L dt = 250 pb∫

Figure 1: This figure shows the invariant mass distribution of charm candidates in
250 pb�1 of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K�⇡+ for 0.144 < �M <
0.146 GeV/c2. Events are required to contain at least three good tracks to purify the
sample with processes of the type e+e� ! hadrons, while rejecting beam induced back-
ground, Bhabha scattering, and other low multiplicity background sources. The charged
kaon and pion tracks are required to have impact parameters, |d0| and |z0| less than 0.5 cm
and 3.0 cm respectively. Particle identification criteria > 0.5 is applied to K�. The D⇤

candidates are required to have a centre-of-mass momentum of greater than 2.5 GeV/c to
select cc̄ events. The internal document reference is BELLE2-NOTE-PH-2018-004.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K+K� for 0.144 < �M <
0.146 GeV/c2. The selection criteria are the same as mentioned in BELLE2-NOTE-PL-
2018-012. The internal document reference is BELLE2-NOTE-PH-2018-004.
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FIG. 3: This figure shows the invariant mass distribution of J/ ! µ+µ� candidates in 250 pb�1

of Phase 2 data. Both tracks are required to point to the BKLM subdetector (37� < #trk < 130�);
at least 1 track is required to have muonID > 0.001 and to have the PID information available
from the KLM subdetector. Selection criteria and further details are described in the internal note
BELLE2-NOTE-PH-2018-016.
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Charm “rediscovery”
• Open charm, D0, D+, Ds+, D*+, D*0 and Charmonium J/ψ. Found the difficult to see D0→KS π0.
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Figure 1: This figure shows the invariant mass distribution of J/ ! e+e�candidates in
250 pb�1 of collision data. Events are required to contain at least three good tracks to
purify the sample with processes of the type e+e� !hadrons, while rejecting beam induced
background, Bhabha scattering, and other low multiplicity background sources. The e+ and
e� candidates are tracks required to have impact parameters, |d0| and |z0| < 0.5 cm and
3.0 cm respectively. EECL/p � 0.9 is applied to both e+ and e�. Bremsstrahlung photons
with E� < 1.0 GeV are added to e+and e� tracks in a cone < 5�. The J/ candidates are
searched in, 0.4  p⇤J/ 2 GeV. The internal document reference is BELLE2-NOTE-PH-
2018-014.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K0
S⇡

0 for 0.144 < �M < 0.146 GeV/c2.
The selection criteria are the same as mentioned in BELLE2-NOTE-PL-2018-012. Addi-
tionally ⇡0 candidates are selected with 0.124 < M(��) < 0.140 GeV/c2 and the daughter
� candidates are kinematically constrained to the nominal ⇡0 mass. The K0

S candidate
selection is applied as mentioned in BELLE2-NOTE-PL-2018-016. The internal document
reference is BELLE2-NOTE-PH-2018-004.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D+ ! K�⇡+⇡+. Events are required to contain at least
three good tracks to purify the sample with processes of the type e+e� ! hadrons, while
rejecting beam induced background, Bhabha scattering, and other low multiplicity back-
ground sources. The charged kaon and pion tracks are required to have impact parameters,
|d0| and |z0| less than 0.5 cm and 3.0 cm respectively. No particle identification criteria is
applied. The D+ candidates are required to have a centre-of-mass momentum of greater
than 2.5 GeV/c to select cc̄ events. The internal document reference is BELLE2-NOTE-
PH-2018-004.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in
250 pb�1 of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K�⇡+ for 0.144 < �M <
0.146 GeV/c2. Events are required to contain at least three good tracks to purify the
sample with processes of the type e+e� ! hadrons, while rejecting beam induced back-
ground, Bhabha scattering, and other low multiplicity background sources. The charged
kaon and pion tracks are required to have impact parameters, |d0| and |z0| less than 0.5 cm
and 3.0 cm respectively. Particle identification criteria > 0.5 is applied to K�. The D⇤

candidates are required to have a centre-of-mass momentum of greater than 2.5 GeV/c to
select cc̄ events. The internal document reference is BELLE2-NOTE-PH-2018-004.
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Figure 1: This figure shows the invariant mass distribution of charm candidates in 250 pb�1

of collision data, in the mode D⇤+ ! D0⇡+, D0 ! K+K� for 0.144 < �M <
0.146 GeV/c2. The selection criteria are the same as mentioned in BELLE2-NOTE-PL-
2018-012. The internal document reference is BELLE2-NOTE-PH-2018-004.
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FIG. 3: This figure shows the invariant mass distribution of J/ ! µ+µ� candidates in 250 pb�1

of Phase 2 data. Both tracks are required to point to the BKLM subdetector (37� < #trk < 130�);
at least 1 track is required to have muonID > 0.001 and to have the PID information available
from the KLM subdetector. Selection criteria and further details are described in the internal note
BELLE2-NOTE-PH-2018-016.
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2 tracks KID
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beam energy

Fully reconstructed B’s

Mbc =
q

E2
beam � ~p2tag
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Belle II Wishlist / Roadmap

 33

B → µ ν 
Discovery

Resolve |Vub| 
puzzle

τ LFV Discovery

B→Kee LFUV 
New Physics

B→Kνν SM 
Discovery

B→ η’ Ks New CP

WR in B→ργ

ee→ ππ(γ) 
precision µ(g-2)

Confirm B→D*τ ν 
New physics

Φ2, Φ3 < 2o

ee→A’ (χ χ) γ
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Summary
Belle II
• Probe of TeV scale, complementary to Energy Frontier

– Clean events, “hermetic” detector (vs LHCb)
• Tagging, “inclusive” studies
• Modes that include !, "0, KL, #

• Precision in CKM → sensitivity to NP
• Extensive theory/experiment studies (B2TIP)

– Many measurements accessible only by Belle
• Detector in commissioning

– Phase II (March-July 2018) w partial Si trackers
– First collisions 4/26, ≈0.5 fb–1 collected 
– Confirm operations: DAQ, tracking, calorimetry, particle ID

• Phase III to start February 2019
– with full Si tracker system
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Belle II approach: seek the New …
By improving precision on the Old … and looking VERY CAREFULLY


