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-quarks at the LHCb



3

-quarks at the LHCb

• Cross-section 𝒪(100) μb

• Millions of  pairs produced per 
second

bb̄

We have a lot…

-quark b

Higgs



b
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-quarks at the LHCb

• Cross-section 𝒪(100) μb

• Millions of  pairs produced per 
second

bb̄

We have a lot…

And they fly… 

-quark b

Higgs

~1cm
b
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Proton Proton
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The B-anomalies 

Charged current ∼ 3σ Neutral current  ∼ 4 − 5σ



Charged current: 

6

b → cℓν b → sℓℓ

Neutral current: 

The B-anomalies 



7

b → cℓν b → sℓℓ

Charged current: 
• Tree-level 

•   order % 
• Neutrino in final state (invisible)

ℬ

Neutral current: 

The B-anomalies 
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b → cℓν b → sℓℓ

Neutral current: 
• Loop-suppressed:  

•  order  
• Full reconstructed final state

ℬ 10−7 − 10−9

Charged current: 
• Tree-level 

•   order % 
• Neutrino in final state (invisible)

ℬ

The B-anomalies 
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b → cℓν b → sℓℓ

Could be joint explanation…motivates  measurements b → sττ

The B-anomalies 
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Charged current ∼ 3σ Neutral current  ∼ 4 − 5σ

B B

The B-anomalies 
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The   spectrumb → sℓℓ q2

 = q2 m2(ℓ+ℓ−)
q20

Γ(
b

→
sℓ

ℓ)
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q20

b → sℓ+ℓ−

 = q2 m2(ℓ+ℓ−)

<latexit sha1_base64="Sgo9m7w7P1CGg4tZc0CtFpWi1EY=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNQZNb0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GycvUNGChqKqm+6uIBFcG0I+ncza+sbmVnY7t7O7t3+QPzxq6jhVDBosFrFqB1SD4BIahhsB7UQBjQIBrWB0M/NbD6A0j+WdGSfgR3QgecgZNVaq616+QFxSKZOLCl6QUnFFCPZcMkcBLVHr5T+6/ZilEUjDBNW645HE+BOqDGcCprluqiGhbEQH0LFU0gi0P5kfOsVnVunjMFa2pMFz9fvEhEZaj6PAdkbUDPVvbyb+5XVSE5b9CZdJakCyxaIwFdjEePY17nMFzIixJZQpbm/FbEgVZcZmk7MhrD7F/5Nm0fUu3VK9VKheL+PIohN0is6Rh65QFd2iGmoghgA9omf04tw7T86r87ZozTjLmWP0A877F0uZjUk=</latexit>s
<latexit sha1_base64="IDkaAo05edRWuslrZ5GhYtFLnYw=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNQZNb0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GycvUNGChqKqm+6uIBFcG0I+ncza+sbmVnY7t7O7t3+QPzxq6jhVDBosFrFqB1SD4BIahhsB7UQBjQIBrWB0M/NbD6A0j+WdGSfgR3QgecgZNVaqB718gbikUiYXFbwgpeKKEOy5ZI4CWqLWy390+zFLI5CGCap1xyOJ8SdUGc4ETHPdVENC2YgOoGOppBFofzI/dIrPrNLHYaxsSYPn6veJCY20HkeB7YyoGerf3kz8y+ukJiz7Ey6T1IBki0VhKrCJ8exr3OcKmBFjSyhT3N6K2ZAqyozNJmdDWH2K/yfNoutduqV6qVC9XsaRRSfoFJ0jD12hKrpFNdRADAF6RM/oxbl3npxX523RmnGWM8foB5z3LzHVjTg=</latexit>

b

Γ(
b

→
sℓ

ℓ) b → sℓ+ℓ−

The   spectrumb → sℓℓ q2
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q20

b → s[γ* → ℓ+ℓ−]

b → scc̄[ → ℓ+ℓ−]

 = q2 m2(ℓ+ℓ−)

Γ(
b

→
sℓ

ℓ)
J/ψ

ψ(2S)

The   spectrumb → sℓℓ q2

b → sℓ+ℓ− b → sℓ+ℓ−
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B0 ! K⇤0µ+µ�
<latexit sha1_base64="heAaCAPK7QdRVkWDQdnOWT1BcPI=">AAACDnicbVC7SgNBFL0bXzG+Vi0sbAZDQBTDro1WErQRbCKYBySbMDuZJENmH8zMKmHZL7DxV2wsFLG1tvMn8g1Osik08cDlHs65l5l73JAzqSzr28gsLC4tr2RXc2vrG5tb5vZOVQaRILRCAh6Iuosl5cynFcUUp/VQUOy5nNbcwdXYr91TIVng36lhSB0P93zWZQQrLbXNwmUrtpKmYL2+wkIED+imFR9pxYta8XHaTpK2mbeK1gRonthTki/tjUYIAMpt86vZCUjkUV8RjqVs2FaonBgLxQinSa4ZSRpiMsA92tDUxx6VTjw5J0EFrXRQNxC6fIUm6u+NGHtSDj1XT3pY9eWsNxb/8xqR6p47MfPDSFGfpA91I45UgMbZoA4TlCg+1AQTwfRfEeljgYnSCeZ0CPbsyfOkelq0raJ9q9O4gBRZ2IcDOAQbzqAE11CGChB4hGd4hTfjyXgx3o2PdDRjTHd24Q+Mzx9CNp5w</latexit><latexit sha1_base64="FjwbO/0ElOpbQOPD5Yexb0e7b0I=">AAACDnicbVC7SgNBFJ2NrxgfWbWwsBkMAVEMuzZaiARtBJsI5gHJJsxOZpMhszvLzKwSlv0CG39FBAtFbK3t/ADbfIOTR6GJBy73cM69zNzjhoxKZVlfRmpufmFxKb2cWVldW8+aG5sVySOBSRlzxkXNRZIwGpCyooqRWigI8l1Gqm7vYuhXb4mQlAc3qh8Sx0edgHoUI6Wllpk/b8ZW0hC001VICH4Hr5rxvlb8qBkfjNth0jJzVsEaAc4Se0Jyxe3BIHv69F1qmZ+NNseRTwKFGZKybluhcmIkFMWMJJlGJEmIcA91SF3TAPlEOvHonATmtdKGHhe6AgVH6u+NGPlS9n1XT/pIdeW0NxT/8+qR8k6cmAZhpEiAxw95EYOKw2E2sE0FwYr1NUFYUP1XiLtIIKx0ghkdgj198iypHBVsq2Bf6zTOwBhpsAN2wR6wwTEogktQAmWAwT14BC/g1Xgwno034308mjImO1vgD4yPH5wLoDM=</latexit><latexit sha1_base64="FjwbO/0ElOpbQOPD5Yexb0e7b0I=">AAACDnicbVC7SgNBFJ2NrxgfWbWwsBkMAVEMuzZaiARtBJsI5gHJJsxOZpMhszvLzKwSlv0CG39FBAtFbK3t/ADbfIOTR6GJBy73cM69zNzjhoxKZVlfRmpufmFxKb2cWVldW8+aG5sVySOBSRlzxkXNRZIwGpCyooqRWigI8l1Gqm7vYuhXb4mQlAc3qh8Sx0edgHoUI6Wllpk/b8ZW0hC001VICH4Hr5rxvlb8qBkfjNth0jJzVsEaAc4Se0Jyxe3BIHv69F1qmZ+NNseRTwKFGZKybluhcmIkFMWMJJlGJEmIcA91SF3TAPlEOvHonATmtdKGHhe6AgVH6u+NGPlS9n1XT/pIdeW0NxT/8+qR8k6cmAZhpEiAxw95EYOKw2E2sE0FwYr1NUFYUP1XiLtIIKx0ghkdgj198iypHBVsq2Bf6zTOwBhpsAN2wR6wwTEogktQAmWAwT14BC/g1Xgwno034308mjImO1vgD4yPH5wLoDM=</latexit><latexit sha1_base64="eZAM4O0BJ4jA8gnr+vAnr7Z9hXg=">AAACDnicbVDLSgMxFM34rPU16tJNsBREsWTc6EqKbgQ3FewD2mnJpJk2NJMMSUYpw3yBG3/FjQtF3Lp259+YPhbaeuByD+fcS3JPEHOmDULfzsLi0vLKam4tv76xubXt7uzWtEwUoVUiuVSNAGvKmaBVwwynjVhRHAWc1oPB1civ31OlmRR3ZhhTP8I9wUJGsLFSxy1etlOUtRTr9Q1WSj7Am3Z6ZJUoaafHk3aSddwCKqEx4DzxpqQApqh03K9WV5IkosIQjrVueig2foqVYYTTLN9KNI0xGeAebVoqcES1n47PyWDRKl0YSmVLGDhWf2+kONJ6GAV2MsKmr2e9kfif10xMeO6nTMSJoYJMHgoTDo2Eo2xglylKDB9agoli9q+Q9LHCxNgE8zYEb/bkeVI7LXmo5N2iQvliGkcO7IMDcAg8cAbK4BpUQBUQ8AiewSt4c56cF+fd+ZiMLjjTnT3wB87nDx5ynB0=</latexit>

B0
s ! �µ+µ�

<latexit sha1_base64="KfD7mwrdyYCowCZ8ys68V44ylgw=">AAACD3icbVDLSsNAFL2pr1pfUTeCIMGiCGJJ3OhKirpwWcE+oEnDZDpph04ezEyUEvIHbvwDv8GNC0XcunXn3zhNu1Drgcs9nHMvM/d4MaNCmuaXVpiZnZtfKC6WlpZXVtf09Y2GiBKOSR1HLOItDwnCaEjqkkpGWjEnKPAYaXqDi5HfvCVc0Ci8kcOYOAHqhdSnGEklufr+eSc1MzcVmc1pry8R59GdHfepHSSd9DDL21Hm6mWzYuYwpok1IeXqzuXWIwDUXP3T7kY4CUgoMUNCtC0zlk6KuKSYkaxkJ4LECA9Qj7QVDVFAhJPm92TGnlK6hh9xVaE0cvXnRooCIYaBpyYDJPvirzcS//PaifRPnZSGcSJJiMcP+QkzZGSMwjG6lBMs2VARhDlVfzVwH3GEpYqwpEKw/p48TRrHFcusWNcqjTMYowjbsAsHYMEJVOEKalAHDPfwBC/wqj1oz9qb9j4eLWiTnU34Be3jGy4ons0=</latexit><latexit sha1_base64="MCPZkU5NNaN5ZP5r4K4Z0YO3oVI=">AAACD3icbVDLSsNAFJ3UV62vqBtBkGBRBLEkbnQlRV24rGAf0KRhMp22YycPZm6UEvIHbsQ/cePCIm7duvNvnKZdqPXA5R7OuZeZe7yIMwmm+aXlZmbn5hfyi4Wl5ZXVNX19oybDWBBaJSEPRcPDknIW0Cow4LQRCYp9j9O6178Y+fU7KiQLgxsYRNTxcTdgHUYwKMnV989biZm6iUxtwbo9wEKE93bUY7Yft5LDNGtHqasXzZKZwZgm1oQUyzuXW08wvK24+qfdDkns0wAIx1I2LTMCJ8ECGOE0LdixpBEmfdylTUUD7FPpJNk9qbGnlLbRCYWqAIxM/bmRYF/Kge+pSR9DT/71RuJ/XjOGzqmTsCCKgQZk/FAn5gaExigco80EJcAHimAimPqrQXpYYAIqwoIKwfp78jSpHZcss2RdqzTO0Bh5tI120QGy0AkqoytUQVVE0AN6Rq9oqD1qL9qb9j4ezWmTnU30C9rHN0CUoFo=</latexit><latexit sha1_base64="MCPZkU5NNaN5ZP5r4K4Z0YO3oVI=">AAACD3icbVDLSsNAFJ3UV62vqBtBkGBRBLEkbnQlRV24rGAf0KRhMp22YycPZm6UEvIHbsQ/cePCIm7duvNvnKZdqPXA5R7OuZeZe7yIMwmm+aXlZmbn5hfyi4Wl5ZXVNX19oybDWBBaJSEPRcPDknIW0Cow4LQRCYp9j9O6178Y+fU7KiQLgxsYRNTxcTdgHUYwKMnV989biZm6iUxtwbo9wEKE93bUY7Yft5LDNGtHqasXzZKZwZgm1oQUyzuXW08wvK24+qfdDkns0wAIx1I2LTMCJ8ECGOE0LdixpBEmfdylTUUD7FPpJNk9qbGnlLbRCYWqAIxM/bmRYF/Kge+pSR9DT/71RuJ/XjOGzqmTsCCKgQZk/FAn5gaExigco80EJcAHimAimPqrQXpYYAIqwoIKwfp78jSpHZcss2RdqzTO0Bh5tI120QGy0AkqoytUQVVE0AN6Rq9oqD1qL9qb9j4ezWmTnU30C9rHN0CUoFo=</latexit><latexit sha1_base64="Dv3g1g4eVbuU8WtA3uhi7VMCu98=">AAACD3icbVC7TsMwFHV4lvIKMLJEVCAkRJWwwIQqWBiLRB9Sk0aO6zRWHTuyHVAV5Q9Y+BUWBhBiZWXjb3DTDNBypKt7dM69su8JEkqksu1vY2FxaXlltbJWXd/Y3No2d3bbkqcC4RbilItuACWmhOGWIoribiIwjAOKO8HoeuJ37rGQhLM7NU6wF8MhIyFBUGnJN4+u+pmd+5nMXUGGkYJC8Ac3iYgbp/3sJC/aae6bNbtuF7DmiVOSGijR9M0vd8BRGmOmEIVS9hw7UV4GhSKI4rzqphInEI3gEPc0ZTDG0suKe3LrUCsDK+RCF1NWof7eyGAs5TgO9GQMVSRnvYn4n9dLVXjhZYQlqcIMTR8KU2opbk3CsQZEYKToWBOIBNF/tVAEBURKR1jVITizJ8+T9lndsevOrV1rXJZxVMA+OADHwAHnoAFuQBO0AAKP4Bm8gjfjyXgx3o2P6eiCUe7sgT8wPn8AWyCdcw==</latexit>

⇤0
b ! ⇤µ+µ�

<latexit sha1_base64="v6mrtqkE7snMvgPUxdfitgmTYsY=">AAACGXicbVDLSgMxFL1TX7W+Rt0IggSLIIhlxo2upKALFy4q2Ad0piWTpm1o5kGSUcowv+HGjR/ixoUiLnXl35hOu9DWAyGHc84luceLOJPKsr6N3Nz8wuJSfrmwsrq2vmFubtVkGAtCqyTkoWh4WFLOAlpVTHHaiATFvsdp3RtcjPz6HRWShcGtGkbU9XEvYF1GsNJS27Scax3u4FZipe3ESx3Ben2FhQjv0cRy/LiVHKXZdZy2zaJVsjKgWWJPSLG8d7nzBACVtvnpdEIS+zRQhGMpm7YVKTfBQjHCaVpwYkkjTAa4R5uaBtin0k2yzVJ0oJUO6oZCn0ChTP09kWBfyqHv6aSPVV9OeyPxP68Zq+6Zm7AgihUNyPihbsyRCtGoJtRhghLFh5pgIpj+KyJ9LDBRusyCLsGeXnmW1E5KtlWyb3Qb5zBGHnZhHw7BhlMowxVUoAoEHuAZXuHNeDRejHfjYxzNGZOZbfgD4+sHbTSimw==</latexit><latexit sha1_base64="cHbjZIxk62zyJrSwTlf2Am9mLNc=">AAACGXicbVDLSgMxFM3UV62vqhtBkGARBLHMuNGVFHThwkUF+4DOtGTStI3NPEjuKGWYrxDc+CvduFDEpa78G9NpF9p6IORwzrkk97ih4ApM89vIzM0vLC5ll3Mrq2vrG/nNraoKIklZhQYikHWXKCa4zyrAQbB6KBnxXMFqbv9i5NfumVQ88G9hEDLHI12fdzgloKVW3rSvdbhNmrGZtGI3sSXv9oBIGTzgiWV7UTM+StLrOGnlC2bRTIFniTUhhdLe5c4jDO/Krfyn3Q5o5DEfqCBKNSwzBCcmEjgVLMnZkWIhoX3SZQ1NfeIx5cTpZgk+0EobdwKpjw84VX9PxMRTauC5OukR6KlpbyT+5zUi6Jw5MffDCJhPxw91IoEhwKOacJtLRkEMNCFUcv1XTHtEEgq6zJwuwZpeeZZUT4qWWbRudBvnaIws2kX76BBZ6BSV0BUqowqi6AkN0St6M56NF+Pd+BhHM8ZkZhv9gfH1A3+gpCg=</latexit><latexit sha1_base64="cHbjZIxk62zyJrSwTlf2Am9mLNc=">AAACGXicbVDLSgMxFM3UV62vqhtBkGARBLHMuNGVFHThwkUF+4DOtGTStI3NPEjuKGWYrxDc+CvduFDEpa78G9NpF9p6IORwzrkk97ih4ApM89vIzM0vLC5ll3Mrq2vrG/nNraoKIklZhQYikHWXKCa4zyrAQbB6KBnxXMFqbv9i5NfumVQ88G9hEDLHI12fdzgloKVW3rSvdbhNmrGZtGI3sSXv9oBIGTzgiWV7UTM+StLrOGnlC2bRTIFniTUhhdLe5c4jDO/Krfyn3Q5o5DEfqCBKNSwzBCcmEjgVLMnZkWIhoX3SZQ1NfeIx5cTpZgk+0EobdwKpjw84VX9PxMRTauC5OukR6KlpbyT+5zUi6Jw5MffDCJhPxw91IoEhwKOacJtLRkEMNCFUcv1XTHtEEgq6zJwuwZpeeZZUT4qWWbRudBvnaIws2kX76BBZ6BSV0BUqowqi6AkN0St6M56NF+Pd+BhHM8ZkZhv9gfH1A3+gpCg=</latexit><latexit sha1_base64="VPaKmSVzkDd9rxV9XQvekKsps9o=">AAACGXicbVA7T8MwGHTKq5RXgJHFokJCQlQOC0yoEgsDQ5HoQ2rSyHGc1qrzkO2Aqih/g4W/wsIAQoww8W9w0wzQcpLl0919sr/zEs6kQujbqCwtr6yuVddrG5tb2zvm7l5HxqkgtE1iHouehyXlLKJtxRSnvURQHHqcdr3x1dTv3lMhWRzdqUlCnRAPIxYwgpWWXBPZNzrs40GGcjfzcluw4UhhIeIHWFp2mA6yk7y4TnPXrKMGKgAXiVWSOijRcs1P249JGtJIEY6l7FsoUU6GhWKE07xmp5ImmIzxkPY1jXBIpZMVm+XwSCs+DGKhT6Rgof6eyHAo5ST0dDLEaiTnvan4n9dPVXDhZCxKUkUjMnsoSDlUMZzWBH0mKFF8ogkmgum/QjLCAhOly6zpEqz5lRdJ56xhoYZ1i+rNy7KOKjgAh+AYWOAcNME1aIE2IOARPINX8GY8GS/Gu/Exi1aMcmYf/IHx9QOaLKFB</latexit>

Branching fractions 

Same pattern, decay rate too low!!
JHEP 06 (2014) 
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Angular analysis of B → V( → h+h−)μ+μ−

K+

π−

K∗0 θK

µ+

µ−

B0

θℓ

(a) θK and θℓ definitions for the B0 decay

µ−

µ+

K+

π−

B0

K∗0
φ

K+ π−

n̂Kπ

⊙p̂Kπ

µ−

µ+

n̂µ+µ−

(b) φ definition for the B0 decay

π+

K−

K∗0

µ−
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angular coefficients - function of 
amplitudes 

Spherical harmonics 

“Traditionally” perform  in bins of q2

CP-averaged + averaged 
over   =  or q2 Si P′￼i

Vector = spin 1 = P-wave  

  3 polarisation amplitudes   →

Measure decay rate across 3 angles 
( ) and                              Ω q2

 divided by either 
or  to 

reduce uncert. 

Si
∝ |A0 |2 |AT |2
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SM prediction
Measured

1D projection of 3D decay rate

[2020] PRL 125, 011802

“Traditionally” perform  in bins of q2

Vector = spin 1 = P-wave  

  3 polarisation amplitudes   →

Measure decay rate across 3 angles 
( ) and                              Ω q2
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Example: analysis of B0 → K*0[ → K+π−]μ+μ−

P′￼
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One angular observable of 8 (or 12) P-wave observables in total
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Example: analysis of B0 → K*0[ → K+π−]μ+μ−

P′￼
5

EW scale >> , replace loop 
with effective couplings

mb

 =  vector currentC9 bsℓℓ
 =  axial-vector currentC10 bsℓℓ

Global agreement with SM?
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Example: analysis of B0 → K*0[ → K+π−]μ+μ−

P′￼
5

EW scale >> , replace loop 
with effective couplings

mb

 =  vector currentC9 bsℓℓ
 =  axial-vector currentC10 bsℓℓ

Global agreement with SM?

⇠ 3�
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+ 7 other observables (  basis!!)Si

SM

LHCb B0 PRL 125, 011802 (2020) 
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Phys. Rev. Lett. 125, 011802Phys. Rev. Lett. 126, 161802

B0 ! K⇤0µ+µ�
<latexit sha1_base64="HTM+eNDtrEzL2vt8KPEzZ5hOKlM=">AAACBnicbVDLSgMxFL1TX7W+Rl2KMFgEUSwzIuiy1I3gpoJ9QDstmTStoUlmSDJCGWblxl9x40IRt36DO//GtJ2Fth4IOZxzL8k5QcSo0q77beUWFpeWV/KrhbX1jc0te3unrsJYYlLDIQtlM0CKMCpITVPNSDOSBPGAkUYwvBr7jQciFQ3FnR5FxOdoIGifYqSN1LX3K53ETds6dG46ybFhPO4kJ9PrNO3aRbfkTuDMEy8jRchQ7dpf7V6IY06Exgwp1fLcSPsJkppiRtJCO1YkQniIBqRlqECcKD+ZxEidQ6P0nH4ozRHamai/NxLElRrxwExypO/VrDcW//Nase5f+gkVUayJwNOH+jFzTOpxJ06PSoI1GxmCsKTmrw6+RxJhbZormBK82cjzpH5W8tySd3teLFeyOvKwBwdwBB5cQBmuoQo1wPAIz/AKb9aT9WK9Wx/T0ZyV7ezCH1ifP2TPmG8=</latexit><latexit sha1_base64="HTM+eNDtrEzL2vt8KPEzZ5hOKlM=">AAACBnicbVDLSgMxFL1TX7W+Rl2KMFgEUSwzIuiy1I3gpoJ9QDstmTStoUlmSDJCGWblxl9x40IRt36DO//GtJ2Fth4IOZxzL8k5QcSo0q77beUWFpeWV/KrhbX1jc0te3unrsJYYlLDIQtlM0CKMCpITVPNSDOSBPGAkUYwvBr7jQciFQ3FnR5FxOdoIGifYqSN1LX3K53ETds6dG46ybFhPO4kJ9PrNO3aRbfkTuDMEy8jRchQ7dpf7V6IY06Exgwp1fLcSPsJkppiRtJCO1YkQniIBqRlqECcKD+ZxEidQ6P0nH4ozRHamai/NxLElRrxwExypO/VrDcW//Nase5f+gkVUayJwNOH+jFzTOpxJ06PSoI1GxmCsKTmrw6+RxJhbZormBK82cjzpH5W8tySd3teLFeyOvKwBwdwBB5cQBmuoQo1wPAIz/AKb9aT9WK9Wx/T0ZyV7ezCH1ifP2TPmG8=</latexit><latexit sha1_base64="HTM+eNDtrEzL2vt8KPEzZ5hOKlM=">AAACBnicbVDLSgMxFL1TX7W+Rl2KMFgEUSwzIuiy1I3gpoJ9QDstmTStoUlmSDJCGWblxl9x40IRt36DO//GtJ2Fth4IOZxzL8k5QcSo0q77beUWFpeWV/KrhbX1jc0te3unrsJYYlLDIQtlM0CKMCpITVPNSDOSBPGAkUYwvBr7jQciFQ3FnR5FxOdoIGifYqSN1LX3K53ETds6dG46ybFhPO4kJ9PrNO3aRbfkTuDMEy8jRchQ7dpf7V6IY06Exgwp1fLcSPsJkppiRtJCO1YkQniIBqRlqECcKD+ZxEidQ6P0nH4ozRHamai/NxLElRrxwExypO/VrDcW//Nase5f+gkVUayJwNOH+jFzTOpxJ06PSoI1GxmCsKTmrw6+RxJhbZormBK82cjzpH5W8tySd3teLFeyOvKwBwdwBB5cQBmuoQo1wPAIz/AKb9aT9WK9Wx/T0ZyV7ezCH1ifP2TPmG8=</latexit><latexit sha1_base64="HTM+eNDtrEzL2vt8KPEzZ5hOKlM=">AAACBnicbVDLSgMxFL1TX7W+Rl2KMFgEUSwzIuiy1I3gpoJ9QDstmTStoUlmSDJCGWblxl9x40IRt36DO//GtJ2Fth4IOZxzL8k5QcSo0q77beUWFpeWV/KrhbX1jc0te3unrsJYYlLDIQtlM0CKMCpITVPNSDOSBPGAkUYwvBr7jQciFQ3FnR5FxOdoIGifYqSN1LX3K53ETds6dG46ybFhPO4kJ9PrNO3aRbfkTuDMEy8jRchQ7dpf7V6IY06Exgwp1fLcSPsJkppiRtJCO1YkQniIBqRlqECcKD+ZxEidQ6P0nH4ozRHamai/NxLElRrxwExypO/VrDcW//Nase5f+gkVUayJwNOH+jFzTOpxJ06PSoI1GxmCsKTmrw6+RxJhbZormBK82cjzpH5W8tySd3teLFeyOvKwBwdwBB5cQBmuoQo1wPAIz/AKb9aT9WK9Wx/T0ZyV7ezCH1ifP2TPmG8=</latexit>

B+ ! K⇤+µ+µ�
<latexit sha1_base64="ylHL/GAs0BVEBDX1kxWkkO6FQIQ=">AAACBnicbVBLSwMxGMzWV62vVY8iBIsgimVXBD2WehG8VLAPaLclm6Y1NMkuSVYoy568+Fe8eFDEq7/Bm//G7HYP2joQMsx8H8mMHzKqtON8W4WFxaXlleJqaW19Y3PL3t5pqiCSmDRwwALZ9pEijArS0FQz0g4lQdxnpOWPr1K/9UCkooG405OQeByNBB1SjLSR+vZ+rRefJF0dwJtefGwYjzIhvU6Tvl12Kk4GOE/cnJRBjnrf/uoOAhxxIjRmSKmO64Tai5HUFDOSlLqRIiHCYzQiHUMF4kR5cRYjgYdGGcBhIM0RGmbq740YcaUm3DeTHOl7Neul4n9eJ9LDSy+mIow0EXj60DBi0KROO4EDKgnWbGIIwpKav0J8jyTC2jRXMiW4s5HnSfOs4joV9/a8XK3ldRTBHjgAR8AFF6AKrkEdNAAGj+AZvII368l6sd6tj+lowcp3dsEfWJ8/VN+YZQ==</latexit><latexit sha1_base64="ylHL/GAs0BVEBDX1kxWkkO6FQIQ=">AAACBnicbVBLSwMxGMzWV62vVY8iBIsgimVXBD2WehG8VLAPaLclm6Y1NMkuSVYoy568+Fe8eFDEq7/Bm//G7HYP2joQMsx8H8mMHzKqtON8W4WFxaXlleJqaW19Y3PL3t5pqiCSmDRwwALZ9pEijArS0FQz0g4lQdxnpOWPr1K/9UCkooG405OQeByNBB1SjLSR+vZ+rRefJF0dwJtefGwYjzIhvU6Tvl12Kk4GOE/cnJRBjnrf/uoOAhxxIjRmSKmO64Tai5HUFDOSlLqRIiHCYzQiHUMF4kR5cRYjgYdGGcBhIM0RGmbq740YcaUm3DeTHOl7Neul4n9eJ9LDSy+mIow0EXj60DBi0KROO4EDKgnWbGIIwpKav0J8jyTC2jRXMiW4s5HnSfOs4joV9/a8XK3ldRTBHjgAR8AFF6AKrkEdNAAGj+AZvII368l6sd6tj+lowcp3dsEfWJ8/VN+YZQ==</latexit><latexit sha1_base64="ylHL/GAs0BVEBDX1kxWkkO6FQIQ=">AAACBnicbVBLSwMxGMzWV62vVY8iBIsgimVXBD2WehG8VLAPaLclm6Y1NMkuSVYoy568+Fe8eFDEq7/Bm//G7HYP2joQMsx8H8mMHzKqtON8W4WFxaXlleJqaW19Y3PL3t5pqiCSmDRwwALZ9pEijArS0FQz0g4lQdxnpOWPr1K/9UCkooG405OQeByNBB1SjLSR+vZ+rRefJF0dwJtefGwYjzIhvU6Tvl12Kk4GOE/cnJRBjnrf/uoOAhxxIjRmSKmO64Tai5HUFDOSlLqRIiHCYzQiHUMF4kR5cRYjgYdGGcBhIM0RGmbq740YcaUm3DeTHOl7Neul4n9eJ9LDSy+mIow0EXj60DBi0KROO4EDKgnWbGIIwpKav0J8jyTC2jRXMiW4s5HnSfOs4joV9/a8XK3ldRTBHjgAR8AFF6AKrkEdNAAGj+AZvII368l6sd6tj+lowcp3dsEfWJ8/VN+YZQ==</latexit><latexit sha1_base64="ylHL/GAs0BVEBDX1kxWkkO6FQIQ=">AAACBnicbVBLSwMxGMzWV62vVY8iBIsgimVXBD2WehG8VLAPaLclm6Y1NMkuSVYoy568+Fe8eFDEq7/Bm//G7HYP2joQMsx8H8mMHzKqtON8W4WFxaXlleJqaW19Y3PL3t5pqiCSmDRwwALZ9pEijArS0FQz0g4lQdxnpOWPr1K/9UCkooG405OQeByNBB1SjLSR+vZ+rRefJF0dwJtefGwYjzIhvU6Tvl12Kk4GOE/cnJRBjnrf/uoOAhxxIjRmSKmO64Tai5HUFDOSlLqRIiHCYzQiHUMF4kR5cRYjgYdGGcBhIM0RGmbq740YcaUm3DeTHOl7Neul4n9eJ9LDSy+mIow0EXj60DBi0KROO4EDKgnWbGIIwpKav0J8jyTC2jRXMiW4s5HnSfOs4joV9/a8XK3ldRTBHjgAR8AFF6AKrkEdNAAGj+AZvII368l6sd6tj+lowcp3dsEfWJ8/VN+YZQ==</latexit>

B0
s ! �µ+µ�

<latexit sha1_base64="PEjY4LWQ/QDHYaoRkRcpP88QVUg=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkUQxJKIoMtSNy4r2Ac0aZhMJ+3QeYSZiVBCdm78FTcuFHHrL7jzb5ymXWj1wOUezrmXmXuihBKlXffLKi0tr6yuldcrG5tb2zv27l5biVQi3EKCCtmNoMKUcNzSRFPcTSSGLKK4E42vp37nHktFBL/TkwQHDA45iQmC2kihfdjoZ24eZir3tfCTEfFZ2s9O86Kd5aFddWtuAecv8eakCuZohvanPxAoZZhrRKFSPc9NdJBBqQmiOK/4qcIJRGM4xD1DOWRYBVlxR+4cG2XgxEKa4top1J8bGWRKTVhkJhnUI7XoTcX/vF6q46sgIzxJNeZo9lCcUkcLZxqKMyASI00nhkAkifmrg0ZQQqRNdBUTgrd48l/SPq95bs27vajWG/M4yuAAHIET4IFLUAc3oAlaAIEH8ARewKv1aD1bb9b7bLRkzXf2wS9YH9+dT5nF</latexit><latexit sha1_base64="PEjY4LWQ/QDHYaoRkRcpP88QVUg=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkUQxJKIoMtSNy4r2Ac0aZhMJ+3QeYSZiVBCdm78FTcuFHHrL7jzb5ymXWj1wOUezrmXmXuihBKlXffLKi0tr6yuldcrG5tb2zv27l5biVQi3EKCCtmNoMKUcNzSRFPcTSSGLKK4E42vp37nHktFBL/TkwQHDA45iQmC2kihfdjoZ24eZir3tfCTEfFZ2s9O86Kd5aFddWtuAecv8eakCuZohvanPxAoZZhrRKFSPc9NdJBBqQmiOK/4qcIJRGM4xD1DOWRYBVlxR+4cG2XgxEKa4top1J8bGWRKTVhkJhnUI7XoTcX/vF6q46sgIzxJNeZo9lCcUkcLZxqKMyASI00nhkAkifmrg0ZQQqRNdBUTgrd48l/SPq95bs27vajWG/M4yuAAHIET4IFLUAc3oAlaAIEH8ARewKv1aD1bb9b7bLRkzXf2wS9YH9+dT5nF</latexit><latexit sha1_base64="PEjY4LWQ/QDHYaoRkRcpP88QVUg=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkUQxJKIoMtSNy4r2Ac0aZhMJ+3QeYSZiVBCdm78FTcuFHHrL7jzb5ymXWj1wOUezrmXmXuihBKlXffLKi0tr6yuldcrG5tb2zv27l5biVQi3EKCCtmNoMKUcNzSRFPcTSSGLKK4E42vp37nHktFBL/TkwQHDA45iQmC2kihfdjoZ24eZir3tfCTEfFZ2s9O86Kd5aFddWtuAecv8eakCuZohvanPxAoZZhrRKFSPc9NdJBBqQmiOK/4qcIJRGM4xD1DOWRYBVlxR+4cG2XgxEKa4top1J8bGWRKTVhkJhnUI7XoTcX/vF6q46sgIzxJNeZo9lCcUkcLZxqKMyASI00nhkAkifmrg0ZQQqRNdBUTgrd48l/SPq95bs27vajWG/M4yuAAHIET4IFLUAc3oAlaAIEH8ARewKv1aD1bb9b7bLRkzXf2wS9YH9+dT5nF</latexit><latexit sha1_base64="PEjY4LWQ/QDHYaoRkRcpP88QVUg=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkUQxJKIoMtSNy4r2Ac0aZhMJ+3QeYSZiVBCdm78FTcuFHHrL7jzb5ymXWj1wOUezrmXmXuihBKlXffLKi0tr6yuldcrG5tb2zv27l5biVQi3EKCCtmNoMKUcNzSRFPcTSSGLKK4E42vp37nHktFBL/TkwQHDA45iQmC2kihfdjoZ24eZir3tfCTEfFZ2s9O86Kd5aFddWtuAecv8eakCuZohvanPxAoZZhrRKFSPc9NdJBBqQmiOK/4qcIJRGM4xD1DOWRYBVlxR+4cG2XgxEKa4top1J8bGWRKTVhkJhnUI7XoTcX/vF6q46sgIzxJNeZo9lCcUkcLZxqKMyASI00nhkAkifmrg0ZQQqRNdBUTgrd48l/SPq95bs27vajWG/M4yuAAHIET4IFLUAc3oAlaAIEH8ARewKv1aD1bb9b7bLRkzXf2wS9YH9+dT5nF</latexit>

PRL 125, 011802

PRL 125, 011802

⇠ 2�
<latexit sha1_base64="RCnLgcMXnQeYjIe4L/n/QaK+1Eg=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmbGoa27ohuXFewDpkPJpJk2NMkMSUYoQz/DjQtF3Po17vwbM20FFT2QcDjnXu69J0oZVdpxPqzS2vrG5lZ5u7Kzu7d/UD086qokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXTa8Lv3dPpKKJuNOzlIQcjQWNKUbaSMFAUe6Zb8zRsFpz7Mtm3fPr0LEdp+F6bkG8hn/hQ9coBWpghfaw+j4YJTjjRGjMkFKB66Q6zJHUFDMyrwwyRVKEp2hMAkMF4kSF+WLlOTwzygjGiTRPaLhQv3fkiCs145Gp5EhP1G+vEP/ygkzHzTCnIs00EXg5KM4Y1Aks7ocjKgnWbGYIwpKaXSGeIImwNilVTAhfl8L/SdezXcd2b/1a62oVRxmcgFNwDlzQAC1wA9qgAzBIwAN4As+Wth6tF+t1WVqyVj3H4Aest0+OUpFu</latexit><latexit sha1_base64="RCnLgcMXnQeYjIe4L/n/QaK+1Eg=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmbGoa27ohuXFewDpkPJpJk2NMkMSUYoQz/DjQtF3Po17vwbM20FFT2QcDjnXu69J0oZVdpxPqzS2vrG5lZ5u7Kzu7d/UD086qokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXTa8Lv3dPpKKJuNOzlIQcjQWNKUbaSMFAUe6Zb8zRsFpz7Mtm3fPr0LEdp+F6bkG8hn/hQ9coBWpghfaw+j4YJTjjRGjMkFKB66Q6zJHUFDMyrwwyRVKEp2hMAkMF4kSF+WLlOTwzygjGiTRPaLhQv3fkiCs145Gp5EhP1G+vEP/ygkzHzTCnIs00EXg5KM4Y1Aks7ocjKgnWbGYIwpKaXSGeIImwNilVTAhfl8L/SdezXcd2b/1a62oVRxmcgFNwDlzQAC1wA9qgAzBIwAN4As+Wth6tF+t1WVqyVj3H4Aest0+OUpFu</latexit><latexit sha1_base64="RCnLgcMXnQeYjIe4L/n/QaK+1Eg=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmbGoa27ohuXFewDpkPJpJk2NMkMSUYoQz/DjQtF3Po17vwbM20FFT2QcDjnXu69J0oZVdpxPqzS2vrG5lZ5u7Kzu7d/UD086qokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXTa8Lv3dPpKKJuNOzlIQcjQWNKUbaSMFAUe6Zb8zRsFpz7Mtm3fPr0LEdp+F6bkG8hn/hQ9coBWpghfaw+j4YJTjjRGjMkFKB66Q6zJHUFDMyrwwyRVKEp2hMAkMF4kSF+WLlOTwzygjGiTRPaLhQv3fkiCs145Gp5EhP1G+vEP/ygkzHzTCnIs00EXg5KM4Y1Aks7ocjKgnWbGYIwpKaXSGeIImwNilVTAhfl8L/SdezXcd2b/1a62oVRxmcgFNwDlzQAC1wA9qgAzBIwAN4As+Wth6tF+t1WVqyVj3H4Aest0+OUpFu</latexit><latexit sha1_base64="RCnLgcMXnQeYjIe4L/n/QaK+1Eg=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmbGoa27ohuXFewDpkPJpJk2NMkMSUYoQz/DjQtF3Po17vwbM20FFT2QcDjnXu69J0oZVdpxPqzS2vrG5lZ5u7Kzu7d/UD086qokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXTa8Lv3dPpKKJuNOzlIQcjQWNKUbaSMFAUe6Zb8zRsFpz7Mtm3fPr0LEdp+F6bkG8hn/hQ9coBWpghfaw+j4YJTjjRGjMkFKB66Q6zJHUFDMyrwwyRVKEp2hMAkMF4kSF+WLlOTwzygjGiTRPaLhQv3fkiCs145Gp5EhP1G+vEP/ygkzHzTCnIs00EXg5KM4Y1Aks7ocjKgnWbGYIwpKaXSGeIImwNilVTAhfl8L/SdezXcd2b/1a62oVRxmcgFNwDlzQAC1wA9qgAzBIwAN4As+Wth6tF+t1WVqyVj3H4Aest0+OUpFu</latexit>

⇠ 3�
<latexit sha1_base64="9av37yQOO4n1M2AZCpuC02GqKJY=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw8x0aOuu6MZlBfuA6VAyaaYNTSZDkhHK0M9w40IRt36NO//GTFtBRQ8kHM65l3vviVJGlXacD2ttfWNza7u0U97d2z84rBwdd5XIJCYdLJiQ/QgpwmhCOppqRvqpJIhHjPSi6XXh9+6JVFQkd3qWkpCjcUJjipE2UjBQlNfMN+ZoWKk69mWz7vl16NiO03A9tyBew6/50DVKgSpYoT2svA9GAmecJBozpFTgOqkOcyQ1xYzMy4NMkRThKRqTwNAEcaLCfLHyHJ4bZQRjIc1LNFyo3ztyxJWa8chUcqQn6rdXiH95QabjZpjTJM00SfByUJwxqAUs7ocjKgnWbGYIwpKaXSGeIImwNimVTQhfl8L/SdezXcd2b/1q62oVRwmcgjNwAVzQAC1wA9qgAzAQ4AE8gWdLW4/Wi/W6LF2zVj0n4Aest0+P3JFv</latexit><latexit sha1_base64="9av37yQOO4n1M2AZCpuC02GqKJY=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw8x0aOuu6MZlBfuA6VAyaaYNTSZDkhHK0M9w40IRt36NO//GTFtBRQ8kHM65l3vviVJGlXacD2ttfWNza7u0U97d2z84rBwdd5XIJCYdLJiQ/QgpwmhCOppqRvqpJIhHjPSi6XXh9+6JVFQkd3qWkpCjcUJjipE2UjBQlNfMN+ZoWKk69mWz7vl16NiO03A9tyBew6/50DVKgSpYoT2svA9GAmecJBozpFTgOqkOcyQ1xYzMy4NMkRThKRqTwNAEcaLCfLHyHJ4bZQRjIc1LNFyo3ztyxJWa8chUcqQn6rdXiH95QabjZpjTJM00SfByUJwxqAUs7ocjKgnWbGYIwpKaXSGeIImwNimVTQhfl8L/SdezXcd2b/1q62oVRwmcgjNwAVzQAC1wA9qgAzAQ4AE8gWdLW4/Wi/W6LF2zVj0n4Aest0+P3JFv</latexit><latexit sha1_base64="9av37yQOO4n1M2AZCpuC02GqKJY=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw8x0aOuu6MZlBfuA6VAyaaYNTSZDkhHK0M9w40IRt36NO//GTFtBRQ8kHM65l3vviVJGlXacD2ttfWNza7u0U97d2z84rBwdd5XIJCYdLJiQ/QgpwmhCOppqRvqpJIhHjPSi6XXh9+6JVFQkd3qWkpCjcUJjipE2UjBQlNfMN+ZoWKk69mWz7vl16NiO03A9tyBew6/50DVKgSpYoT2svA9GAmecJBozpFTgOqkOcyQ1xYzMy4NMkRThKRqTwNAEcaLCfLHyHJ4bZQRjIc1LNFyo3ztyxJWa8chUcqQn6rdXiH95QabjZpjTJM00SfByUJwxqAUs7ocjKgnWbGYIwpKaXSGeIImwNimVTQhfl8L/SdezXcd2b/1q62oVRwmcgjNwAVzQAC1wA9qgAzAQ4AE8gWdLW4/Wi/W6LF2zVj0n4Aest0+P3JFv</latexit><latexit sha1_base64="9av37yQOO4n1M2AZCpuC02GqKJY=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw8x0aOuu6MZlBfuA6VAyaaYNTSZDkhHK0M9w40IRt36NO//GTFtBRQ8kHM65l3vviVJGlXacD2ttfWNza7u0U97d2z84rBwdd5XIJCYdLJiQ/QgpwmhCOppqRvqpJIhHjPSi6XXh9+6JVFQkd3qWkpCjcUJjipE2UjBQlNfMN+ZoWKk69mWz7vl16NiO03A9tyBew6/50DVKgSpYoT2svA9GAmecJBozpFTgOqkOcyQ1xYzMy4NMkRThKRqTwNAEcaLCfLHyHJ4bZQRjIc1LNFyo3ztyxJWa8chUcqQn6rdXiH95QabjZpjTJM00SfByUJwxqAUs7ocjKgnWbGYIwpKaXSGeIImwNimVTQhfl8L/SdezXcd2b/1q62oVRwmcgjNwAVzQAC1wA9qgAzAQ4AE8gWdLW4/Wi/W6LF2zVj0n4Aest0+P3JFv</latexit>

⇠ 3�
<latexit sha1_base64="9av37yQOO4n1M2AZCpuC02GqKJY=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw8x0aOuu6MZlBfuA6VAyaaYNTSZDkhHK0M9w40IRt36NO//GTFtBRQ8kHM65l3vviVJGlXacD2ttfWNza7u0U97d2z84rBwdd5XIJCYdLJiQ/QgpwmhCOppqRvqpJIhHjPSi6XXh9+6JVFQkd3qWkpCjcUJjipE2UjBQlNfMN+ZoWKk69mWz7vl16NiO03A9tyBew6/50DVKgSpYoT2svA9GAmecJBozpFTgOqkOcyQ1xYzMy4NMkRThKRqTwNAEcaLCfLHyHJ4bZQRjIc1LNFyo3ztyxJWa8chUcqQn6rdXiH95QabjZpjTJM00SfByUJwxqAUs7ocjKgnWbGYIwpKaXSGeIImwNimVTQhfl8L/SdezXcd2b/1q62oVRwmcgjNwAVzQAC1wA9qgAzAQ4AE8gWdLW4/Wi/W6LF2zVj0n4Aest0+P3JFv</latexit><latexit sha1_base64="9av37yQOO4n1M2AZCpuC02GqKJY=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw8x0aOuu6MZlBfuA6VAyaaYNTSZDkhHK0M9w40IRt36NO//GTFtBRQ8kHM65l3vviVJGlXacD2ttfWNza7u0U97d2z84rBwdd5XIJCYdLJiQ/QgpwmhCOppqRvqpJIhHjPSi6XXh9+6JVFQkd3qWkpCjcUJjipE2UjBQlNfMN+ZoWKk69mWz7vl16NiO03A9tyBew6/50DVKgSpYoT2svA9GAmecJBozpFTgOqkOcyQ1xYzMy4NMkRThKRqTwNAEcaLCfLHyHJ4bZQRjIc1LNFyo3ztyxJWa8chUcqQn6rdXiH95QabjZpjTJM00SfByUJwxqAUs7ocjKgnWbGYIwpKaXSGeIImwNimVTQhfl8L/SdezXcd2b/1q62oVRwmcgjNwAVzQAC1wA9qgAzAQ4AE8gWdLW4/Wi/W6LF2zVj0n4Aest0+P3JFv</latexit><latexit sha1_base64="9av37yQOO4n1M2AZCpuC02GqKJY=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw8x0aOuu6MZlBfuA6VAyaaYNTSZDkhHK0M9w40IRt36NO//GTFtBRQ8kHM65l3vviVJGlXacD2ttfWNza7u0U97d2z84rBwdd5XIJCYdLJiQ/QgpwmhCOppqRvqpJIhHjPSi6XXh9+6JVFQkd3qWkpCjcUJjipE2UjBQlNfMN+ZoWKk69mWz7vl16NiO03A9tyBew6/50DVKgSpYoT2svA9GAmecJBozpFTgOqkOcyQ1xYzMy4NMkRThKRqTwNAEcaLCfLHyHJ4bZQRjIc1LNFyo3ztyxJWa8chUcqQn6rdXiH95QabjZpjTJM00SfByUJwxqAUs7ocjKgnWbGYIwpKaXSGeIImwNimVTQhfl8L/SdezXcd2b/1q62oVRwmcgjNwAVzQAC1wA9qgAzAQ4AE8gWdLW4/Wi/W6LF2zVj0n4Aest0+P3JFv</latexit><latexit sha1_base64="9av37yQOO4n1M2AZCpuC02GqKJY=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw8x0aOuu6MZlBfuA6VAyaaYNTSZDkhHK0M9w40IRt36NO//GTFtBRQ8kHM65l3vviVJGlXacD2ttfWNza7u0U97d2z84rBwdd5XIJCYdLJiQ/QgpwmhCOppqRvqpJIhHjPSi6XXh9+6JVFQkd3qWkpCjcUJjipE2UjBQlNfMN+ZoWKk69mWz7vl16NiO03A9tyBew6/50DVKgSpYoT2svA9GAmecJBozpFTgOqkOcyQ1xYzMy4NMkRThKRqTwNAEcaLCfLHyHJ4bZQRjIc1LNFyo3ztyxJWa8chUcqQn6rdXiH95QabjZpjTJM00SfByUJwxqAUs7ocjKgnWbGYIwpKaXSGeIImwNimVTQhfl8L/SdezXcd2b/1q62oVRwmcgjNwAVzQAC1wA9qgAzAQ4AE8gWdLW4/Wi/W6LF2zVj0n4Aest0+P3JFv</latexit>

Summary of angular analysis 

JHEP 11 (2021) 043 

Same pattern, negative definitions in effective coupling
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New!!  with 140  from CMS B0 → K*0μ+μ− fb−1

Increase in data: 
• fit full angular distribution (no angular folding, in contrast to Run 1) 

• Full parameterisation of  spin-0 partial wave (S-wave)[Kπ]
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New!!  with 140  from CMS B0 → K*0μ+μ− fb−1

Increase in data: 
• fit full angular distribution (no angular folding, in contrast to Run 1) 

• Full parameterisation of  spin-0 partial wave (S-wave)[Kπ]
Identifying kaons from pions.. 

• Take the hypothesis which gives  closest to pole massm(Kπ)
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New!!  with 140  from CMS B0 → K*0μ+μ− fb−1

Increase in data: 
• fit full angular distribution (no angular folding, in contrast to Run 1) 

• Full parameterisation of  spin-0 partial wave (S-wave)[Kπ]
Identifying kaons from pions.. 

• Take the hypothesis which gives  closest to pole massm(Kπ)

Assumptions 
• Massless leptons and no scalar or tensor amplitudes 
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New!!  with 140  from CMS B0 → K*0μ+μ− fb−1
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New!!  with 140  from CMS B0 → K*0μ+μ− fb−1
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New!!  with 140  from CMS B0 → K*0μ+μ− fb−1
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New!!  with 140  from CMS B0 → K*0μ+μ− fb−1

What about LHCb Run 1 and 2?
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Published Run 1 + 2016 vs upcoming Run 1 +2

Add 17+18 data  roughly double number of  pairs based on 
 cross section and lumi. 

→ bb̄
pp → bb̄X

Increase width of  window  further increase in events mKπ →

Pseudodata using results from Belle ()

LHCb unofficial 
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Published Run 1 + 2016 vs upcoming Run 1 +2
Fit full 5D PDF (i.e. ,  in bins of ), and CP-averages and CP-asymmetries 
simultaneously 

mKπ Ω q2
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Published Run 1 + 2016 vs upcoming Run 1 +2
Fit full 5D PDF (i.e. ,  in bins of ), and CP-averages and CP-asymmetries 
simultaneously 

mKπ Ω q2

LHCb unofficial - per-event sensitivity, i.e. same 
(toy) dataset using different PDF 

Previous paper 4D+1D 

Upcoming, 5D 

Plot from L. Carus 
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Published Run 1 + 2016 vs upcoming Run 1 +2
Fit full 5D PDF (i.e. ,  in bins of ), and CP-averages and CP-asymmetries 
simultaneously 

mKπ Ω q2

Plot from L. Carus 
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4-5σ

Long-standing discrepancy- why aren’t we claiming new physics?

Highest experimental precision in 
 decaysb → sμ+μ−

Combine branching fraction and 
angular information for all 
experiments and measured 

 modesb → sμ+μ−

Disagreement with SM at level of 
4-5σ

Global deviation from SM over all ? b → sℓℓ

arxiv:2304.07330
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Hadronic cleanliness

Lepton Flavour Universality  
and  Bs → μ+μ−

Angular analyses  

Branching fractions  
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b + = deviations  ?

Cause of anomalies? 
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b + = deviations  

Cause of anomalies? 
Option 1 - New Physics 
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b + = deviations  

Cause of anomalies? 
Option 1 - New Physics 

• e.g. enhancements in  gives combined explanation 
for -anomalies 

b → sτ+τ−

B

CP violating? Leptoquark?  ?b → sτ+τ−
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b + = deviations  

Option 2 - misunderstood QCD processes 

Cause of anomalies? 
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b + = deviations  

Option 2 - misunderstood QCD processes 

Cause of anomalies? 

•  (charm-loops) can mimic 
deviations in  
b → scc̄[cc̄ → γ* → μ+μ−]

C9

 dependence, fit 
models to data to 
further constrain 
amplitudes 

q2
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b → sℓ+ℓ−

Fit  spectrum continuously to disentangle long (non-
local) and short distance contributions to 

q2

B0 → K*0μ+μ−
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b → sℓ+ℓ−

d4�(B0 ! K⇤0µ+µ�)

d⌦̂dq2
=

X

i

Ii(q
2)fi(⌦)
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Fit the angular and  spectrumq2

Fit  spectrum continuously to disentangle long (non-
local) and short distance contributions to 

q2

B0 → K*0μ+μ−
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b → sℓ+ℓ−

d4�(B0 ! K⇤0µ+µ�)

d⌦̂dq2
=

X

i

Ii(q
2)fi(⌦)
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𝒜λ(q2)Combinations of 

Fit the angular and  spectrumq2

Fit  spectrum continuously to disentangle long (non-
local) and short distance contributions to 

q2

B0 → K*0μ+μ−

λ ∈ 0, | | , ⊥ , t



 depends on 
 and form factors 

𝒜λ(q2)
C7,9,10
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b → sℓ+ℓ−

d4�(B0 ! K⇤0µ+µ�)

d⌦̂dq2
=
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𝒜λ(q2)Combinations of 
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Fit the angular and  spectrumq2

Fit  spectrum continuously to disentangle long (non-
local) and short distance contributions to 

q2

B0 → K*0μ+μ−



 depends on 
 and form factors 

𝒜λ(q2)
C7,9,10
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b → sℓ+ℓ−

d4�(B0 ! K⇤0µ+µ�)

d⌦̂dq2
=

X

i
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𝒜λ(q2)Combinations of 

Fit the angular and  spectrumq2

Fit  spectrum continuously to disentangle long (non-
local) and short distance contributions to 

q2

B0 → K*0μ+μ−

 (vector) is altered 
by non-local charm-
loop

C9

λ ∈ 0, | | , ⊥ , t
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Parameterising non-local form-factors

Ceff
9,λ(q2) = C9 Hλ(q2)+

+Ceff
9,λ(q2) =

λ ∈ 0, | | , ⊥
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Parameterising non-local form-factors

C9 +

+

Two different analyses done, with different models for : 

➤ Z-expansion (LHCb-PAPER-2023-033,032), partial  

➤ Amplitude analysis over full  (LHCb-PAPER-2024-011)

Hλ(q2)
q2

q2

λ ∈ 0, | | , ⊥

Ceff
9,λ(q2) =

Ceff
9,λ(q2) =

Hλ(q2)
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Parameterising non-local form-factors

C9 +

+

Two different analyses done, with different models for : 

➤ Z-expansion (LHCb-PAPER-2023-033,032), partial  

➤ Amplitude analysis over full  (LHCb-PAPER-2024-011)

Hλ(q2)
q2

q2

λ ∈ 0, | | , ⊥

Ceff
9,λ(q2) =

Ceff
9,λ(q2) =

Hλ(q2)

Matts talk 
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Parameterising non-local form-factors

C9 +

+

Two different analyses done, with different models for : 

➤ Z-expansion (LHCb-PAPER-2023-033,032), partial  

➤ Amplitude analysis over full  (LHCb-PAPER-2024-011)

Hλ(q2)
q2

q2

λ ∈ 0, | | , ⊥

Ceff
9,λ(q2) =

Ceff
9,λ(q2) =

Hλ(q2)

This talk 
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Parameterising non-local form-factors

C9 +

+

Two different analyses done, with different models for : 

➤ Z-expansion (LHCb-PAPER-2023-033,032), partial  

➤ Amplitude analysis over full  (LHCb-PAPER-2024-011)

Hλ(q2)
q2

q2

λ ∈ 0, | | , ⊥

Ceff
9,λ(q2) =

Ceff
9,λ(q2) =

Hλ(q2)

This talk 

Note,  fixed, but                       , degenerate with 0th order tensor FF C7
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Amplitude parameterisation 
Hλ(q2) = ∑

j=all possible resonances

Aλ,jℒ(q2) = |Aλ,j |eiδj,λℒ(q2)

q20

Fit full 
K*μμ

Spectrum
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Amplitude analysis over all  - new!q2

Hλ(q2) = + +

Hλ(q2) = ∑
j=all possible resonances

Aλ,jℒ(q2) = |Aλ,j |eiδj,λℒ(q2)

ℒ = Breit − Wigner  ℒ = Dispersion − relation
JHEP 1009:089,2010JHEP 02 (2013) 010 Eur. Phys. J. C78 (2018) 453 Eur.Phys.J.C 80 (2020) 12, 1095
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Amplitude analysis over all  - new!q2

Hλ(q2) = + +

Hλ(q2) = ∑
j=all possible resonances

Aλ,jℒ(q2) = |Aλ,j |eiδj,λℒ(q2)

JHEP 1009:089,2010JHEP 02 (2013) 010 Eur. Phys. J. C78 (2018) 453 Eur.Phys.J.C 80 (2020) 12, 1095
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Amplitude analysis over all  - new!q2

Hλ(q2) = + +

Hλ(q2) = ∑
j=all possible resonances

Aλ,jℒ(q2) = |Aλ,j |eiδj,λℒ(q2)
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Fit projections   
Amplitude model 

LHCb-PAPER-2024-011



61

Amplitude analysis over all  : resultsq2

Local form factors
- arXiv:2206.03797
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Size of  ? Hλ(q2)

Hλ(q2) = ∑
j=all possible resonances

Aλ,jℒ(q2) = |Aλ,j |eiδj,λℒ(q2)



63

+Ceff
9,λ(q2) =

Size of  ? Hλ(q2)

C9 Hλ(q2)

LHCb-PAPER-2024-011
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+Ceff
9,λ(q2) =

Size of  ? Hλ(q2)

Example λ = 0Z-expansion 

C9 Hλ(q2)

Amplitude 

Real Imaginary  

S
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to
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S
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ft 
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9
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+Ceff
9,λ(q2) =

Size of  ? Hλ(q2)

Example λ = ⊥Z-expansion 

C9 Hλ(q2)

Amplitude 

Real Imaginary  
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ft 
to
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to
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9
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+Ceff
9,λ(q2) =

Size of  ? Hλ(q2)

Example λ = | |Z-expansion 

C9 Hλ(q2)

Amplitude 

Real Imaginary  
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ft 
to
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to

 C
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Measured values of  ? C9
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Measured values of  ? C9
Amplitude model 

ΔCNP
9 = − 0.71 ± 0.33

2.1 σ

SM = 4.27

LHCb-PAPER-2024-011LHCb-PAPER-2023-032
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Measured values of  ? C9
Z-expansion Amplitude model 

ΔCNP
9 = − 0.93+0.53

−0.57 ΔCNP
9 = − 0.71 ± 0.33

1.9 σ 2.1 σ

SM = 4.27

LHCb-PAPER-2024-011LHCb-PAPER-2023-032
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Small modification to SM predictions, but tension remains 

Affect of non-local contributions on branching fractions? 

LHCb-PAPER-2024-011

Amplitude model  

- affect on SM predictions 
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Worlds first direct measurement of C9τ

Worlds first direct 
measurement of C9,τ

b
Muon analysis is 
sensitive to  viaC9,τ
B0 → K*0[τ+τ− → γ* → μ+μ−]

C9,τ

∝ C9,τ

LHCb-PAPER-2024-011
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Worlds first direct measurement of C9τ

Worlds first direct 
measurement of C9,τ

b
Muon analysis is 
sensitive to  viaC9,τ
B0 → K*0[τ+τ− → γ* → μ+μ−]

C9,τ

∝ C9,τ

C9,τ = (−1.0 ± 2.6 ± 1.0) × 102

b

LHCb-PAPER-2024-011
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Worlds first direct measurement of C9τ

Worlds first direct 
measurement of C9,τ

b

 Convert to 90% CL on 
ℬ(B0 → K*0τ+τ−) ∼ [1.7 − 2.2] × 10−3

Best direct measurement of  = 
 90% CL Belle, Phys. Rev. D108 (2023) L011102 

ℬ(B0 → K*0τ+τ−)
3.1 × 10−3

Muon analysis is 
sensitive to  viaC9,τ
B0 → K*0[τ+τ− → γ* → μ+μ−]

C9,τ

∝ C9,τ

C9,τ = (−1.0 ± 2.6 ± 1.0) × 102

SM prediction , NP models 𝒪(10−7) 𝒪(10−4)

b

LHCb-PAPER-2024-011
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Cross-checks 

Perturbatively calculable via OPE at  

 - Pick subtraction point  

 - Extrapolate to rest of  

q2 < 0
q2

0

q2

JHEP 1009:089,2010

JHEP 02 (2013) 010

Pick different subtraction points in , max change in  
 stat. uncertainty 

q2 C9
∼ 35 %

GeVq2
0 = − 10, − 4.6 (nom) , − 1
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Cross-checks 
Local form-factors: 

- Nominal 	 GKDvD18 used (LCSR + Lattice) JHEP 09 (2022) 
133, arXiv:2206.03797. 

- Alternative BSZ (LCSR + Lattice) JHEP 08 (2016) 098, arXiv:1503.05534. 
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Cross-checks 
Local form-factors: 

- Nominal 	 GKDvD18 used (LCSR + Lattice) JHEP 09 (2022) 
133, arXiv:2206.03797. 

- Alternative BSZ (LCSR + Lattice) JHEP 08 (2016) 098, arXiv:1503.05534. 

GKDvD BSZ GKDvD BSZ

- Adapted from arXiv:2206.03797
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Cross-checks 
Local form-factors: 

- Nominal 	 GKDvD18 used (LCSR + Lattice) JHEP 09 (2022) 
133, arXiv:2206.03797. 

- Alternative BSZ (LCSR + Lattice) JHEP 08 (2016) 098, arXiv:1503.05534. 

GKDvD BSZ GKDvD BSZ

- Adapted from arXiv:2206.03797

Causes a  deviation in   
(in data but also just using toys generating with one set of 

FFs and fitting back with another)

∼ 1σ C10
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Cross-checks 
Wilsons should be constant in  if good goodness of fitq2

Fit around  mid-pointq2

 is consistent with 0,  has a 2.2  deviationC9 C10 σ
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Conclusions

• Non-local analyses suggest small non-
local FFs affect  

• Plus worlds best measurement of  

• Inputs useful for future non-local ana: 

• Better theory knowledge of  states 

• Belle II measurements of  

• S-wave….

C9τ

DD̄
B → K*0Jψ 2.1 σ
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Back-ups
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: branching fraction Bs → μ+μ−

Clean observable, sensitive to C10

• JHEP 2019, 04, 098 

Phys. Lett. B 2022, 842, 137955

Phys. Rev. Lett. 2022, 128, 041801 
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: effective lifetime Bs → μ+μ−

CP-averaged lifetime more sensitive to (NP) contributions from 
light mass eigenstate than branching fraction

In the SM,  just the heavy mass eigenstate  decays to BH μ+μ−

ys ∼ 0.1
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: effective lifetime Bs → μ+μ−

Phys. Lett. B 2022, 842, 137955

JHEP 2023, 09, 199 

Phys. Rev. 
Lett. 2022, 
128, 041801 

τSM
μμ =

τμμ =
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Lepton flavour universality tests
<latexit sha1_base64="LiUD3CjihOl59iO25KT+g5RTvHk="></latexit>

R(X) =
B(B ! Xµ+µ�)

B(B ! Xe+e�)

Precisely predicted to be ~1 in SM  

Precisely predicted to be ~1 in SM  

LHCb-PAPER-2022-045
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Lepton flavour universality tests
<latexit sha1_base64="LiUD3CjihOl59iO25KT+g5RTvHk="></latexit>

R(X) =
B(B ! Xµ+µ�)

B(B ! Xe+e�)

Precisely predicted to be ~1 in SM  

Precisely predicted to be ~1 in SM  

LHCb-PAPER-2022-045

New CMS result 

R(K) = 0.78+0.47
−0.23

arXiv:2401.07090
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Amplitude analysis over all  : resultsq2
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Amplitude analysis over all  : resultsq2

A lot of numbers describing non-local effects…easier to see graphically
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Amplitude analysis over all  : resultsq2

Non-local form factors 
(amplitude analysis + 
z-expansion)
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Amplitude analysis over all  : resultsq2

Central value for  remains consistent with anomalies, but 
larger uncertainty reduces tension to 2.1

C9
σ
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Affect of non-local contributions on angular observables? 

Z-expansion 

-comparison with previous 
measurements   

Agreement with 
previous 
measurements 

LHCb-PAPER-2023-032
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Amplitude model  

- affect on SM predictions 

Agreement with 
previous 
measurements 

Small modification to SM 
predictions, but still a shift wrt 
data

Z-expansion 

-comparison with previous 
measurements   

Affect of non-local contributions on angular observables? 

LHCb-PAPER-2023-032

LHCb-PAPER-2024-011
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Measurement of  and  at LHCb R(D*+) R(D+)

B0
τ

D+

D*+

π0/γ

μ

νμ

ντ

K− π+

π+

Reconstruct tau via τ → ντμνμ

Reconstruct only  and  D+( → K−π+π+) μ−

R(D(*)+) =
ϵD(*),+

μ ND(*),+

τ

ϵD(*),+
τ ND(*),+

μ

1
ℬ(τ− → μ−ντ)

Simulation Fits to data



Form-factors dictate shape of signal 
and yields  

• Use BGL parameterisation 

• Float in fit, with constrains from 
lattice predictions  

Perform simultaneous fit to 3 
kinematic variables across 4 samples 
to constrain background 

Samples defined by candidate isolation 

• only ?            Signal 

• ?                

• ?            

• ?                

D+μ−

D+μ−π− B → D**ℓ−νℓ

D+μ−π−π+ B → D**ℓ−νℓ

D+π−K+ B → D+HcX
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Measurement of  and  at LHCb R(D*+) R(D+)

B0
τ

D+

D*+

π0/γ

μ

νμ

ντ

K− π+

π+

Reconstruct tau via τ → ντμνμ

Phys.Rev.D 56 (1997) 6895-6911

Reconstruct only  and  D+( → K−π+π+) μ−

R(D(*)+) =
ϵD(*),+

μ ND(*),+

τ

ϵD(*),+
τ ND(*),+

μ

1
ℬ(τ− → μ−ντ)

Simulation Fits to data
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Measurement of  and  at LHCb R(D*+) R(D+)

Signal

Norm.

Energy of  in  rest frame μ B

Four-momenta transferred 
to lepton system  

Fits for signal-sample LHCb-PAPER-2024-007
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Measurement of  and  at LHCb R(D*+) R(D+)

Systematics-led analysis 
Main systematics: 

• Background modelling/
branching fractions 

• Form factor parameterisation 

LHCb-PAPER-2024-007
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Measurement of  and  at LHCb R(D*+) R(D+)

Systematics-dominated analysis 

New: systematic due to simulation 
size no longer leading systematic, 
due to new approaches to speed up 
MC, see details in G. Pietrzyk’s talk

Main systematics: 
• Background modelling/

branching fractions 

• Form factor parameterisation 

LHCb-PAPER-2024-007
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New!!  with 140  from CMS B0 → K*0μ+μ− fb−1

Previous Run 1 only result 
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New!!  with 140  from CMS B0 → K*0μ+μ− fb−1

New Run 2 results

Result is still statistically 
dominated 

Effect on  ?P′￼

5
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-quarks at the LHCb

-quark b

Higgs

heaviest stable quark 

3rd generation - sensitivity to 
BSM 



Charged current: 

100

b → cℓν b → sℓℓ

Neutral current: 

Semi-leptonic  quark decaysb
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Semi-leptonic  quark decaysb

b → cℓν b → sℓℓ

Charged current: 
• Tree-level 

•   order % ℬ

Neutral current: 
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Semi-leptonic  quark decaysb

b → cℓν b → sℓℓ

Charged current: 
• Tree-level 

•   order % 
• Neutrino in final state (invisible)

ℬ

Neutral current: 
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Semi-leptonic  quark decaysb

b → cℓν b → sℓℓ

Neutral current: 
• Loop-suppressed:  

•  order  
• Full reconstructed final state

ℬ 10−7 − 10−9

Charged current: 
• Tree-level 

•   order % 
• Neutrino in final state (invisible)

ℬ
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Semi-leptonic  quark decaysb

b → cℓν b → sℓℓ

Could be joint explanation…motivates  measurements b → sττ
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The B-anomalies 

Charged current ∼ 3σ Neutral current  ∼ 4 − 5σ
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The B-anomalies 

Charged current ∼ 3σ Neutral current  ∼ 4 − 5σ
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Charged current anomalies 

, (LHCb only )ℓ ∈ μ, e μ

R(D(*,+)) =
ℬ(B(+) → D(*,+)τντ)
ℬ(B(+) → D(*,+)ℓνℓ)  R(D0) = R(D+)

R(D*0) = R(D*+)

Isospin 
τ → ντπX

τ → ντℓνℓ

Hadronic 

Semi-leptonic (SL)



108

Charged current anomalies 

, (LHCb only )ℓ ∈ μ, e μ

R(D(*,+)) =
ℬ(B(+) → D(*,+)τντ)
ℬ(B(+) → D(*,+)ℓνℓ)  R(D0) = R(D+)

R(D*0) = R(D*+)

Isospin 
τ → ντπX

τ → ντℓνℓ

Hadronic 

Semi-leptonic (SL)
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Charged current anomalies 

, (LHCb only )ℓ ∈ μ, e μ

R(D(*,+)) =
ℬ(B(+) → D(*,+)τντ)
ℬ(B(+) → D(*,+)ℓνℓ)  R(D0) = R(D+)

R(D*0) = R(D*+)

Isospin 

Belle 2017 had, 
 R(D*+)

τ → ντπX

τ → ντℓνℓ

Hadronic 

Semi-leptonic (SL)

LHCb 2017, had,  
 R(D*+)

Belle II 2024, had,  
 R(D*)

LHCb 
2023, SL
R(D0), R(D*(+))
D*(+) → D0X

LHCb 2024, SL, 
R(D+), R(D*+) D*(+) → D+( → K−π+π+)π0
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Charged current anomalies 

, (LHCb only )ℓ ∈ μ, e μ

R(D(*,+)) =
ℬ(B(+) → D(*,+)τντ)
ℬ(B(+) → D(*,+)ℓνℓ)  R(D0) = R(D+)

R(D*0) = R(D*+)

Isospin 
τ → ντπX

τ → ντℓνℓ

Hadronic 

Semi-leptonic (SL)

LHCb 2017, had,  
 R(D*+)

Belle II 2024, had,  
 R(D*)

LHCb 
2023, SL
R(D0), R(D*(+))

LHCb 2024, SL, 
R(D+), R(D*+)

D*(+) → D0X

D*(+) → D+( → K−π+π+)π0

Belle 2017 had, 
 R(D*+)

3.2σ
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Z-expansion

z = remapping of q2

(Diagram from A. Mauri)

Polynomial-expansion
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Z-expansionPolynomial-expansion

2 models used: 

• With theory info from <    
(n  = 4) 

• With no theory info (n = 2)

q2

z = remapping of q2
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Charged current anomalies 

, (LHCb only )ℓ ∈ μ, e μ

R(D(*,+)) =
ℬ(B(+) → D(*,+)τντ)
ℬ(B(+) → D(*,+)ℓνℓ)  R(D0) = R(D+)

R(D*0) = R(D*+)

Isospin 
τ → ντπX

τ → ντℓνℓ

Hadronic 

Semi-leptonic (SL)

LHCb 2017, had,  
 R(D*+)

Belle II 2024, had,  
 R(D*)

LHCb 
2023, SL
R(D0), R(D*(+))

LHCb 2024, SL, 
R(D+), R(D*+)

D*(+) → D0X

D*(+) → D+( → K−π+π+)π0

Belle 2017 had, 
 R(D*+)

3.2σ
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Fit projections   
Z-expansion Amplitude model 

LHCb-PAPER-2023-032
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Fit projections   
Z-expansion Amplitude model 

LHCb-PAPER-2023-032

LHCb-PAPER-2024-011


