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Date / location / additional info



b➞sℓ+ℓ− at high q2

2

] 2c [MeV/rec
µµm

1000 2000 3000 4000

)2 c
C

an
di

da
te

s /
 (4

4 
M

eV
/

50−

0

50

100

150

200

250

300

data
total
short-distance
resonances
interference
background

LHCb
 (3770)

<latexit sha1_base64="FqN9NzfeGJdm7T/zqzb/VbgLJUg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXA/EY8OIxgnlgsoTZySQZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3328ltbG5t7+R3C3v7B4dHxeOTlokSzXiTRTLSnYAaLoXiTRQoeSfWnIaB5O1gcjv3209cGxGpB5zG3A/pSImhYBSt9NiLjShf12ruZb9YcivuAmSdeBkpQYZGv/jVG0QsCblCJqkxXc+N0U+pRsEknxV6ieExZRM64l1LFQ258dPFxTNyYZUBGUbalkKyUH9PpDQ0ZhoGtjOkODar3lz8z+smOLzxU6HiBLliy0XDRBKMyPx9MhCaM5RTSyjTwt5K2JhqytCGVLAheKsvr5PWVcVzK959tVSvZnHk4QzOoQwe1KAOd9CAJjBQ8Ayv8OYY58V5dz6WrTknmzmFP3A+fwDCEI+a</latexit><latexit sha1_base64="FqN9NzfeGJdm7T/zqzb/VbgLJUg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXA/EY8OIxgnlgsoTZySQZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3328ltbG5t7+R3C3v7B4dHxeOTlokSzXiTRTLSnYAaLoXiTRQoeSfWnIaB5O1gcjv3209cGxGpB5zG3A/pSImhYBSt9NiLjShf12ruZb9YcivuAmSdeBkpQYZGv/jVG0QsCblCJqkxXc+N0U+pRsEknxV6ieExZRM64l1LFQ258dPFxTNyYZUBGUbalkKyUH9PpDQ0ZhoGtjOkODar3lz8z+smOLzxU6HiBLliy0XDRBKMyPx9MhCaM5RTSyjTwt5K2JhqytCGVLAheKsvr5PWVcVzK959tVSvZnHk4QzOoQwe1KAOd9CAJjBQ8Ayv8OYY58V5dz6WrTknmzmFP3A+fwDCEI+a</latexit><latexit sha1_base64="FqN9NzfeGJdm7T/zqzb/VbgLJUg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXA/EY8OIxgnlgsoTZySQZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3328ltbG5t7+R3C3v7B4dHxeOTlokSzXiTRTLSnYAaLoXiTRQoeSfWnIaB5O1gcjv3209cGxGpB5zG3A/pSImhYBSt9NiLjShf12ruZb9YcivuAmSdeBkpQYZGv/jVG0QsCblCJqkxXc+N0U+pRsEknxV6ieExZRM64l1LFQ258dPFxTNyYZUBGUbalkKyUH9PpDQ0ZhoGtjOkODar3lz8z+smOLzxU6HiBLliy0XDRBKMyPx9MhCaM5RTSyjTwt5K2JhqytCGVLAheKsvr5PWVcVzK959tVSvZnHk4QzOoQwe1KAOd9CAJjBQ8Ayv8OYY58V5dz6WrTknmzmFP3A+fwDCEI+a</latexit><latexit sha1_base64="FqN9NzfeGJdm7T/zqzb/VbgLJUg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXA/EY8OIxgnlgsoTZySQZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3328ltbG5t7+R3C3v7B4dHxeOTlokSzXiTRTLSnYAaLoXiTRQoeSfWnIaB5O1gcjv3209cGxGpB5zG3A/pSImhYBSt9NiLjShf12ruZb9YcivuAmSdeBkpQYZGv/jVG0QsCblCJqkxXc+N0U+pRsEknxV6ieExZRM64l1LFQ258dPFxTNyYZUBGUbalkKyUH9PpDQ0ZhoGtjOkODar3lz8z+smOLzxU6HiBLliy0XDRBKMyPx9MhCaM5RTSyjTwt5K2JhqytCGVLAheKsvr5PWVcVzK959tVSvZnHk4QzOoQwe1KAOd9CAJjBQ8Ayv8OYY58V5dz6WrTknmzmFP3A+fwDCEI+a</latexit>

 (4040)
<latexit sha1_base64="mSfo4CKXfC/sUeiVX9bvTuklXWA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXspGAnosePFYwX5gG8pmu2mXbjZhdyOU0H/hxYMiXv033vw3btMctPXBwOO9GWbmBYng2mD87ZQ2Nre2d8q7lb39g8Oj6vFJR8epoqxNYxGrXkA0E1yytuFGsF6iGIkCwbrB9Hbhd5+Y0jyWD2aWMD8iY8lDTomx0uMg0bzuYQ9fDqs13MA50DpxC1KDAq1h9WswimkaMWmoIFr3XZwYPyPKcCrYvDJINUsInZIx61sqScS0n+UXz9GFVUYojJUtaVCu/p7ISKT1LApsZ0TMRK96C/E/r5+a8MbPuExSwyRdLgpTgUyMFu+jEVeMGjGzhFDF7a2ITogi1NiQKjYEd/XlddK5ari44d57taZXxFGGMziHOrhwDU24gxa0gYKEZ3iFN0c7L86787FsLTnFzCn8gfP5A7RVj5E=</latexit><latexit sha1_base64="mSfo4CKXfC/sUeiVX9bvTuklXWA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXspGAnosePFYwX5gG8pmu2mXbjZhdyOU0H/hxYMiXv033vw3btMctPXBwOO9GWbmBYng2mD87ZQ2Nre2d8q7lb39g8Oj6vFJR8epoqxNYxGrXkA0E1yytuFGsF6iGIkCwbrB9Hbhd5+Y0jyWD2aWMD8iY8lDTomx0uMg0bzuYQ9fDqs13MA50DpxC1KDAq1h9WswimkaMWmoIFr3XZwYPyPKcCrYvDJINUsInZIx61sqScS0n+UXz9GFVUYojJUtaVCu/p7ISKT1LApsZ0TMRK96C/E/r5+a8MbPuExSwyRdLgpTgUyMFu+jEVeMGjGzhFDF7a2ITogi1NiQKjYEd/XlddK5ari44d57taZXxFGGMziHOrhwDU24gxa0gYKEZ3iFN0c7L86787FsLTnFzCn8gfP5A7RVj5E=</latexit><latexit sha1_base64="mSfo4CKXfC/sUeiVX9bvTuklXWA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXspGAnosePFYwX5gG8pmu2mXbjZhdyOU0H/hxYMiXv033vw3btMctPXBwOO9GWbmBYng2mD87ZQ2Nre2d8q7lb39g8Oj6vFJR8epoqxNYxGrXkA0E1yytuFGsF6iGIkCwbrB9Hbhd5+Y0jyWD2aWMD8iY8lDTomx0uMg0bzuYQ9fDqs13MA50DpxC1KDAq1h9WswimkaMWmoIFr3XZwYPyPKcCrYvDJINUsInZIx61sqScS0n+UXz9GFVUYojJUtaVCu/p7ISKT1LApsZ0TMRK96C/E/r5+a8MbPuExSwyRdLgpTgUyMFu+jEVeMGjGzhFDF7a2ITogi1NiQKjYEd/XlddK5ari44d57taZXxFGGMziHOrhwDU24gxa0gYKEZ3iFN0c7L86787FsLTnFzCn8gfP5A7RVj5E=</latexit><latexit sha1_base64="mSfo4CKXfC/sUeiVX9bvTuklXWA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXspGAnosePFYwX5gG8pmu2mXbjZhdyOU0H/hxYMiXv033vw3btMctPXBwOO9GWbmBYng2mD87ZQ2Nre2d8q7lb39g8Oj6vFJR8epoqxNYxGrXkA0E1yytuFGsF6iGIkCwbrB9Hbhd5+Y0jyWD2aWMD8iY8lDTomx0uMg0bzuYQ9fDqs13MA50DpxC1KDAq1h9WswimkaMWmoIFr3XZwYPyPKcCrYvDJINUsInZIx61sqScS0n+UXz9GFVUYojJUtaVCu/p7ISKT1LApsZ0TMRK96C/E/r5+a8MbPuExSwyRdLgpTgUyMFu+jEVeMGjGzhFDF7a2ITogi1NiQKjYEd/XlddK5ari44d57taZXxFGGMziHOrhwDU24gxa0gYKEZ3iFN0c7L86787FsLTnFzCn8gfP5A7RVj5E=</latexit>

 (4160)
<latexit sha1_base64="fsFmCJ9PnJp47q9M3ZOIjxFkSOo=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeCF48V7Ae2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1gJOE+xEdKhEKRtFKj73EiErNu3Iv+qWyW3XnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn80vnpJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7H0yEJozlBNLKNPC3krYiGrK0IZUtCF4yy+vktZl1XOr3n2tXK/lcRTgFM6gAh5cQx3uoAFNYKDgGV7hzTHOi/PufCxa15x85gT+wPn8Abjoj5Q=</latexit><latexit sha1_base64="fsFmCJ9PnJp47q9M3ZOIjxFkSOo=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeCF48V7Ae2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1gJOE+xEdKhEKRtFKj73EiErNu3Iv+qWyW3XnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn80vnpJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7H0yEJozlBNLKNPC3krYiGrK0IZUtCF4yy+vktZl1XOr3n2tXK/lcRTgFM6gAh5cQx3uoAFNYKDgGV7hzTHOi/PufCxa15x85gT+wPn8Abjoj5Q=</latexit><latexit sha1_base64="fsFmCJ9PnJp47q9M3ZOIjxFkSOo=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeCF48V7Ae2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1gJOE+xEdKhEKRtFKj73EiErNu3Iv+qWyW3XnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn80vnpJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7H0yEJozlBNLKNPC3krYiGrK0IZUtCF4yy+vktZl1XOr3n2tXK/lcRTgFM6gAh5cQx3uoAFNYKDgGV7hzTHOi/PufCxa15x85gT+wPn8Abjoj5Q=</latexit><latexit sha1_base64="fsFmCJ9PnJp47q9M3ZOIjxFkSOo=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0mkqMeCF48V7Ae2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1gJOE+xEdKhEKRtFKj73EiErNu3Iv+qWyW3XnIKvEy0kZcjT6pa/eIGZpxBUySY3pem6CfkY1Cib5tNhLDU8oG9Mh71qqaMSNn80vnpJzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7H0yEJozlBNLKNPC3krYiGrK0IZUtCF4yy+vktZl1XOr3n2tXK/lcRTgFM6gAh5cQx3uoAFNYKDgGV7hzTHOi/PufCxa15x85gT+wPn8Abjoj5Q=</latexit>

 (4260)?
<latexit sha1_base64="+/7jSX4eSYmsNBJB8tu6h7X4+3Q=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahXspuKerNghePFewHbJeSTbNtaDZZkqxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpeiHWlDNB24YZTnuJojgOOe2Gk7u5332iSjMpHs00oUGMR4JFjGBjJb+faFZt1K/cy9tBueLW3AXQOvFyUoEcrUH5qz+UJI2pMIRjrX3PTUyQYWUY4XRW6qeaJphM8Ij6lgocUx1ki5Nn6MIqQxRJZUsYtFB/T2Q41noah7YzxmasV725+J/npya6CTImktRQQZaLopQjI9H8fzRkihLDp5Zgopi9FZExVpgYm1LJhuCtvrxOOvWa59a8h0al2cjjKMIZnEMVPLiGJtxDC9pAQMIzvMKbY5wX5935WLYWnHzmFP7A+fwBQbWP3g==</latexit><latexit sha1_base64="+/7jSX4eSYmsNBJB8tu6h7X4+3Q=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahXspuKerNghePFewHbJeSTbNtaDZZkqxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpeiHWlDNB24YZTnuJojgOOe2Gk7u5332iSjMpHs00oUGMR4JFjGBjJb+faFZt1K/cy9tBueLW3AXQOvFyUoEcrUH5qz+UJI2pMIRjrX3PTUyQYWUY4XRW6qeaJphM8Ij6lgocUx1ki5Nn6MIqQxRJZUsYtFB/T2Q41noah7YzxmasV725+J/npya6CTImktRQQZaLopQjI9H8fzRkihLDp5Zgopi9FZExVpgYm1LJhuCtvrxOOvWa59a8h0al2cjjKMIZnEMVPLiGJtxDC9pAQMIzvMKbY5wX5935WLYWnHzmFP7A+fwBQbWP3g==</latexit><latexit sha1_base64="+/7jSX4eSYmsNBJB8tu6h7X4+3Q=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahXspuKerNghePFewHbJeSTbNtaDZZkqxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpeiHWlDNB24YZTnuJojgOOe2Gk7u5332iSjMpHs00oUGMR4JFjGBjJb+faFZt1K/cy9tBueLW3AXQOvFyUoEcrUH5qz+UJI2pMIRjrX3PTUyQYWUY4XRW6qeaJphM8Ij6lgocUx1ki5Nn6MIqQxRJZUsYtFB/T2Q41noah7YzxmasV725+J/npya6CTImktRQQZaLopQjI9H8fzRkihLDp5Zgopi9FZExVpgYm1LJhuCtvrxOOvWa59a8h0al2cjjKMIZnEMVPLiGJtxDC9pAQMIzvMKbY5wX5935WLYWnHzmFP7A+fwBQbWP3g==</latexit><latexit sha1_base64="+/7jSX4eSYmsNBJB8tu6h7X4+3Q=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRahXspuKerNghePFewHbJeSTbNtaDZZkqxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+6WiZKkLbRHKpeiHWlDNB24YZTnuJojgOOe2Gk7u5332iSjMpHs00oUGMR4JFjGBjJb+faFZt1K/cy9tBueLW3AXQOvFyUoEcrUH5qz+UJI2pMIRjrX3PTUyQYWUY4XRW6qeaJphM8Ij6lgocUx1ki5Nn6MIqQxRJZUsYtFB/T2Q41noah7YzxmasV725+J/npya6CTImktRQQZaLopQjI9H8fzRkihLDp5Zgopi9FZExVpgYm1LJhuCtvrxOOvWa59a8h0al2cjjKMIZnEMVPLiGJtxDC9pAQMIzvMKbY5wX5935WLYWnHzmFP7A+fwBQbWP3g==</latexit>

 (4360)?
<latexit sha1_base64="jog0bbnoC1sx0VeMaugZkBnfyK4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXi3qz4MVjBfsB26Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv5nSemDVfyESYJC2IylDzilICV/F5ieLV+eeWe3/bLFbfmzoFXiZeTCsrR7Je/egNF05hJoIIY43tuAkFGNHAq2LTUSw1LCB2TIfMtlSRmJsjmJ0/xmVUGOFLalgQ8V39PZCQ2ZhKHtjMmMDLL3kz8z/NTiG6CjMskBSbpYlGUCgwKz/7HA64ZBTGxhFDN7a2YjogmFGxKJRuCt/zyKmlf1Dy35j3UK416HkcRnaBTVEUeukYNdI+aqIUoUugZvaI3B5wX5935WLQWnHzmGP2B8/kDQz2P3w==</latexit><latexit sha1_base64="jog0bbnoC1sx0VeMaugZkBnfyK4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXi3qz4MVjBfsB26Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv5nSemDVfyESYJC2IylDzilICV/F5ieLV+eeWe3/bLFbfmzoFXiZeTCsrR7Je/egNF05hJoIIY43tuAkFGNHAq2LTUSw1LCB2TIfMtlSRmJsjmJ0/xmVUGOFLalgQ8V39PZCQ2ZhKHtjMmMDLL3kz8z/NTiG6CjMskBSbpYlGUCgwKz/7HA64ZBTGxhFDN7a2YjogmFGxKJRuCt/zyKmlf1Dy35j3UK416HkcRnaBTVEUeukYNdI+aqIUoUugZvaI3B5wX5935WLQWnHzmGP2B8/kDQz2P3w==</latexit><latexit sha1_base64="jog0bbnoC1sx0VeMaugZkBnfyK4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXi3qz4MVjBfsB26Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv5nSemDVfyESYJC2IylDzilICV/F5ieLV+eeWe3/bLFbfmzoFXiZeTCsrR7Je/egNF05hJoIIY43tuAkFGNHAq2LTUSw1LCB2TIfMtlSRmJsjmJ0/xmVUGOFLalgQ8V39PZCQ2ZhKHtjMmMDLL3kz8z/NTiG6CjMskBSbpYlGUCgwKz/7HA64ZBTGxhFDN7a2YjogmFGxKJRuCt/zyKmlf1Dy35j3UK416HkcRnaBTVEUeukYNdI+aqIUoUugZvaI3B5wX5935WLQWnHzmGP2B8/kDQz2P3w==</latexit><latexit sha1_base64="jog0bbnoC1sx0VeMaugZkBnfyK4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXi3qz4MVjBfsB26Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv5nSemDVfyESYJC2IylDzilICV/F5ieLV+eeWe3/bLFbfmzoFXiZeTCsrR7Je/egNF05hJoIIY43tuAkFGNHAq2LTUSw1LCB2TIfMtlSRmJsjmJ0/xmVUGOFLalgQ8V39PZCQ2ZhKHtjMmMDLL3kz8z/NTiG6CjMskBSbpYlGUCgwKz/7HA64ZBTGxhFDN7a2YjogmFGxKJRuCt/zyKmlf1Dy35j3UK416HkcRnaBTVEUeukYNdI+aqIUoUugZvaI3B5wX5935WLQWnHzmGP2B8/kDQz2P3w==</latexit>

LHCb [EPJC 77 (2017) 161]
• Large number of 

measurements at high q2 
in different b➞s𝜇+𝜇− 
decay modes:  

‣ Branching fractions, 
angular observables,  
CP- and isospin-
asymmetries.  

• See contributions from 
broad resonances 
above the open charm 
threshold in our data. 

Background subtracted and  
efficiency corrected dimuon mass 
distribution of B+→K+𝜇+𝜇−decays. 

https://doi.org/10.1140/epjc/s10052-017-4703-2


Data/theory comparison at high q2

• Several broad 
charmonium resonances 
contribute (above the 
open charm threshold).  

• Interference effects are 
important.  

• Pattern is not the same as 
seen in e+e−➞ hadrons. 

3

• Calculations typically use a 
local OPE.  
B. Grinstein and D. Pirjol,  
[PRD 70 (2004) 114005]  
M. Beylich, G. Buchalla and T. Feldmann,  
[Eur. Phys. J. C 71,(2011) 1635] 

• Expect agreement between 
data and prediction only in 
integrated observables (up-to 
quark-hadron duality violating 
effects).

Experiment Theory

Irrelevant for LFU tests?  Two exceptions: we need accurate predictions to 
interpret results in terms of C9 and C10; and we rely on the distribution to 
correct experimental results for the migration of events in q2. 

https://doi.org/10.1103/PhysRevD.70.114005
https://doi.org/10.1140/epjc/s10052-011-1635-0


RK and RK*
• What LFU measurements do we have so far?  

• Only have measurements from the B-factory experiments at large q2.
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RK and RK* at Belle II 
• Extrapolating current performance to Upgrade II: 

5

Observable Belle [0.7ab
�1

] Belle II [5ab
�1

] Belle II [50ab
�1

]

RK [1.0,6.0]GeV
2/c4 28% 11% 3.6%

RK > 14GeV
2/c4 30% 12% 3.6%

RK⇤ [1.0,6.0]GeV
2/c4 26% 10% 3.2%

RK⇤ > 14GeV
2/c4 24% 9% 2.8%

RXs [1.0,6.0]GeV
2/c4 32% 12% 4.0%

RXs > 14GeV
2/c4 28% 11% 3.4%

<latexit sha1_base64="NsxHpR5q+52GnkNeM4cMN0krvg0="></latexit><latexit sha1_base64="NsxHpR5q+52GnkNeM4cMN0krvg0="></latexit><latexit sha1_base64="NsxHpR5q+52GnkNeM4cMN0krvg0="></latexit><latexit sha1_base64="NsxHpR5q+52GnkNeM4cMN0krvg0="></latexit>

From Belle II physics book [arXiv:1808.10567]

https://arxiv.org/abs/1808.10567


Angular observables
• Belle has also made measurements of 

the optimised angular observables at 
low- and high-q2.  

‣ Measurements with dielectron and 
dimuon final-states are compatible. 

‣ 2.6𝝈 tension between P’5 and SM 
predictions at low-q2.  

6

5

(Mbc < 5.27 GeV/c2). For each measurement in q2, the
signal fraction is derived as a function of Mbc. The back-
ground angular distribution is described using the direct
product of kernel density template histograms [22] for
�, ✓` and ✓K while the shape is predetermined from the
Mbc sideband. Acceptance and e�ciency e↵ects are ac-
counted for in the fit by weighting each event by the
inverse of its combined e�ciency, which is derived from
the direct product of the e�ciencies in �, ✓`, ✓K and
q2. The individual reconstruction e�ciency for each ob-
servable is obtained by extracting the ratio between the
reconstructed and generated MC distributions.

All methods are tested and evaluated in pseudo-
experiments using MC samples for each measurement
and the results are compared to the input values. Sys-
tematic uncertainties are considered if they introduce an
angular- or q2-dependent bias to the distributions of sig-
nal or background candidates. Small correlations be-
tween ✓` and q2 are not considered in the treatment of
the reconstruction e�ciency. The deviation between a
fit based on generator truth and an MC sample after
detector simulation and reconstruction reweighted with
e�ciency corrections is evaluated for a bias. The di↵er-
ence between the two fits (0.045 on average) is taken as
the systematic uncertainty for the e�ciency correction;
this is the largest systematic uncertainty. Peaking back-
grounds are estimated for each q2 bin using MC. In total,
fewer than six (one) such background events are expected
in the muon (electron) channels. The impact of the
peaking component is simulated by performing pseudo-
experiments with MC samples for signal and background
according to the measured signal yields, replacing six ran-
domly selected events from the signal class with events
from simulated peaking background in each measure-
ment. The observed deviation from simulated values
(0.02 on average) is taken as the systematic uncertainty.
An error on the background parametrization is estimated
by repeating all fits with an alternative background de-
scription using third-order polynomials and taking the
observed deviation (0.028 on average) as the systematic
error. Finally, an error on the signal parametrization
is considered by repeating the fit with the signal shape
parameters adjusted by ±1�, leading to systematic un-
certainties of order 10�4. Signal cross-feed is evaluated
for all signal decay channels and found to be insignificant.
The parametrization in Eq. 1 does not include a possi-
ble S-wave contribution under the K⇤(892) mass region.
With the expected fraction of 5% [1, 20], we estimate
the S-wave contribution for each measurement to be less
than one event and the resulting e↵ects to be negligible.
Statistically equal numbers of B and B̄ candidates in the
signal window are found; consequently, CP-asymmetric
contributions to the measured CP-even parameters are
neglected. The total systematic uncertainty is calculated
as the sum in quadrature of the individual values.

The result of all fits is presented in Table I and dis-

FIG. 2. P 0
4 and P 0

5 observables for combined, electron and

muon modes. The SM predictions are provided by DHMV

[9] and lattice QCD [24] and displayed as boxes for the muon

modes only. The central values of the data points for the

electron and muon modes are shifted horizontally for better

readability.

played in Fig. 2 where it is compared to SM predictions
by DHMV, which refers to the soft form-factor method
of Ref. [23]. Predictions for the 14.18 GeV2/c2 < q2 <
19.00 GeV2/c2 bin are calculated using lattice QCD with
QCD form factors from Ref. [24]. The predictions include
the lepton mass, leading to minor corrections between
the SM values for the electron and muon modes. For the
electron mode, fits in the region 10.09 GeV2/c2 < q2 <
12.90 GeV2/c2 are excluded because it overlaps with the
 (2S) veto range, leading to insu�cient statistics for sta-
ble fit results. In total, all measurements are compatible
with SM predictions. The strongest tension of 2.6� (in-
cluding systematic uncertainty) is observed in P 0

5 of the
muon modes for the region 4 GeV2/c2 < q2 < 8 GeV2/c2;
this is in the same region where LHCb reported the so-
called P 0

5 anomaly [1, 20]. In the same region, the elec-
tron modes deviate by 1.3� and all channels combined

Belle [PRL 118 (2017) 111801]

http://dx.doi.org/10.1103/PhysRevLett.118.111801


Q Why hasn’t LHCb made measurements 
of RK, RK* or RpK at high q2? 

A Bremsstrahlung effects are large and 
this makes the analysis more difficult. 

7



Energy loss in LHCb
• Dielectron and dimuon final-states 

look very different in our analyses due 
to the energy lost by electrons in the 
detector. 

• Bremsstrahlung emission is much 
more significant than the QED 
emission considered in the SM 
calculations. Experimentally we 
cannot separate the two effects.  

• Impact of the energy loss depends on 
q2  , with a larger migration at high q2.  

• The signal line shape, and the 
migration of candidates in q2 ,  
depends on the underlying q2 
distribution of events within a q2 bin. 
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Bremsstrahlung
• Depends on material in detector and energy of electrons:  
 
 
 
 
 
 
 
 
 
 
 

• Unfortunately LHCb is not that lightweight (e± see >70% X0 before 
ECAL) and the electrons are high energy. 

9

1.3. SUMMARY 3

In order to accommodate the shielding boxes, the
optics has been changed introducing an additional
flat mirror to the TDR design [7].

No design changes have been introduced for
RICH 2 and the calorimeter system compared to
the designs given in the TDR’s [7, 8], and their
construction is advancing.

The muon system consists of five stations, M1
in front of the calorimeter system and M2–M5 be-
hind the calorimeter, interleaved with iron shield-
ing plates. In order to reduce the material budget
seen by the calorimeter, M1 consists of two layers
of Multi Wire Proportional Chambers, while the
other four stations are made from four layers, as
described in the TDR [9] and Addendum [10].

Figure 1.2 summarizes the material budget of
the detector. The amount of material, as a frac-
tion of radiation length, seen by a neutral particle
from the nominal position of the primary vertex
is plotted as a function of the pseudo-rapidity, η.
The material is averaged over the azimuthal angle
φ at three different z positions: 1) in front of the
magnet, 2) in front of RICH2 and 3) in front of
the Calorimeter system. It shows that most of the
particles see 20–30% of X0before entering the mag-
net. After the magnet, the three tracking stations
lead to an additional ∼10% of X0. Before reaching
the calorimeter system, RICH2 and the first muon
station add another ∼ 30%. The fraction of inter-
action length in front of RICH2 is now ∼ 12% of
λI.

10−1

1

2.5 3 3.5 4 4.5 η

25 mrad section of 
the beam pipe

10 mrad section of 
the beam pipe

Interface section between
the VELO vacuum tank

and the beam pipe VELO rf-shield

X 
/ X

0

1) in front of Magnet

2) in front of RICH2

3) in front of Calo
Calorimeter acceptance

Figure 1.2: Material seen by a neutral particle from
the nominal position of the primary vertex as a
function of the pseudo-rapidity at three different z
positions, averaged over the azimuthal angle.

1.3 Summary

Simulation studies have shown that the reoptimized
LHCb detector fulfils the requirements given by the
physics goals. Charged tracks are reconstructed
with a high efficiency of ∼ 95% with a low ghost
rate, which does not introduce significant additional
combinatorial background in the reconstructed B
meson signals. With the excellent momentum and
vertex resolutions, the proper time of B0

s meson de-
cays can be measured with a resolution of ∼ 40 fs.
The RICH system separates kaons from pions in
the required momentum range. In addition, the
decreased detector material helps in the reconstruc-
tion of photons, and the removal of material in
the magnet allows a simpler reconstruction of elec-
trons. Together with the improved trigger system,
the LHCb detector maintains the high reconstruc-
tion yields for many interesting B meson decays
described in the TP. As shown in this document,
the quark flavour changing process in the Standard
Model can be tested in a unique way using those
reconstructed B mesons, beyond the capabilities of
current experiments at the e+e− B factories and
the Tevatron. After the reoptimization, the cost of
the detector is slightly lower than the original es-
timate. The updated construction schedule shows
that the full physics programme can start when the
LHC will become operational in 2007.

This document is organised in the following way:
Firstly, the designs of the beam pipe, VELO, RICH1
and TT, which have been modified as a result of the
reoptimization process, are described. This is fol-
lowed by a description of the LHCb simulation pro-
gramme that was used for the performance stud-
ies. After presenting the track reconstruction and
particle identification performance, the physics per-
formance of the reoptimized detector is discussed.
Finally the overall project plan and cost of the re-
optimized LHCb experiment are given.

18 33. Passage of Particles Through Matter

33.4.3 Bremsstrahlung energy loss by e±

At very high energies and except at the high-energy tip of the bremsstrahlung spectrum, the
cross section can be approximated in the “complete screening case” as [42]

d‡/dk = (1/k)4–r2
e

)
(4

3 ≠ 4
3y + y2)[Z2(Lrad ≠ f(Z)) + Z LÕ

rad]
+ 1

9(1 ≠ y)(Z2 + Z)
*

, (33.28)

where y = k/E is the fraction of the electron’s energy transferred to the radiated photon. At
small y (the “infrared limit”) the term on the second line ranges from 1.7% (low Z) to 2.5% (high
Z) of the total. If it is ignored and the first line simplified with the definition of X0 given in
Eq. (33.25), we have

d‡

dk
= A

X0NAk

1
4
3 ≠ 4

3y + y2
2

. (33.29)

This cross section (times k) is shown by the top curve in Fig. 33.12.
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Figure 33.12: The normalized bremsstrahlung cross section k d‡LP M /dk in lead versus the fractional
photon energy y = k/E. The vertical axis has units of photons per radiation length.

This formula is accurate except near y = 1, where screening may become incomplete, and near
y = 0, where the infrared divergence is removed by the interference of bremsstrahlung amplitudes
from nearby scattering centers (the LPM e�ect) [44, 45] and dielectric suppression [46, 47]. These
and other suppression e�ects in bulk media are discussed in Sec. 33.4.6.

With decreasing energy (E . 10 GeV) the high-y cross section drops and the curves become
rounded as y æ 1. Curves of this familar shape can be seen in Rossi [2] (Figs. 2.11.2,3); see also
the review by Koch & Motz [48].

Except at these extremes, and still in the complete-screening approximation, the number of
photons with energies between kmin and kmax emitted by an electron travelling a distance d π X0
is

N“ = d

X0

C
4
3 ln

3
kmax
kmin

4
≠ 4(kmax ≠ kmin)

3E
+ k2

max ≠ k2
min

2E2

D

. (33.30)
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Bremsstrahlung recovery

• Large energy loss through Bremsstrahlung in the detector  
(significant fraction of the e±  energy). 

• Add clusters with ET > 75 MeV/c2  in the ECAL, within a search window 
about the track direction, to correct for Bremsstrahlung emission. 

• Mass resolution depends on the energy resolution of the calorimeter.  

10
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Comparison of dimuon and 
dielectron final-states

• Even after Bremsstrahlung recovery, we see large differences between 
dielectron and dimuon final-states.  

11
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• Signal is washed out for dielectron final-states due to imperfect 
Bremsstrahlung recovery. 

Comparison of dimuon and 
dielectron final-states
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Comparison of dimuon and 
dielectron final-states

• Narrow charmonium resonances have larger tails for dielectron final-
states (due to imperfect Bremsstrahlung correction and the energy 
resolution of the ECAL). 
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Comparison of dimuon and 
dielectron final-states
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B0 ! K⇤0(892)e+e�
<latexit sha1_base64="W3ebt5ei7uraVmg1x0XBjIdAbxw=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEqlhmimB1VXQjuKlgH9BOSya9bUMzD5KMUIbixl9x40IRt36FO//GtJ2Fth4IHM65l5tz3JAzqSzr20gtLC4tr6RXM2vrG5tb5vZOVQaRoFChAQ9E3SUSOPOhopjiUA8FEM/lUHMH12O/9gBCssC/V8MQHI/0fNZllCgttc29q5aFmyrAt6342BrliheFI2idQOu0bWatvDUBnid2QrIoQbltfjU7AY088BXlRMqGbYXKiYlQjHIYZZqRhJDQAelBQ1OfeCCdeBJhhA+10sHdQOjnKzxRf2/ExJNy6Ll60iOqL2e9sfif14hUt+jEzA8jBT6dHupGHOvI4z5whwmgig81IVQw/VdM+0QQqnRrGV2CPRt5nlQLedvK23dn2dJlUkca7aMDlEM2OkcldIPKqIIoekTP6BW9GU/Gi/FufExHU0ays4v+wPj8ATw8lLk=</latexit><latexit sha1_base64="W3ebt5ei7uraVmg1x0XBjIdAbxw=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEqlhmimB1VXQjuKlgH9BOSya9bUMzD5KMUIbixl9x40IRt36FO//GtJ2Fth4IHM65l5tz3JAzqSzr20gtLC4tr6RXM2vrG5tb5vZOVQaRoFChAQ9E3SUSOPOhopjiUA8FEM/lUHMH12O/9gBCssC/V8MQHI/0fNZllCgttc29q5aFmyrAt6342BrliheFI2idQOu0bWatvDUBnid2QrIoQbltfjU7AY088BXlRMqGbYXKiYlQjHIYZZqRhJDQAelBQ1OfeCCdeBJhhA+10sHdQOjnKzxRf2/ExJNy6Ll60iOqL2e9sfif14hUt+jEzA8jBT6dHupGHOvI4z5whwmgig81IVQw/VdM+0QQqnRrGV2CPRt5nlQLedvK23dn2dJlUkca7aMDlEM2OkcldIPKqIIoekTP6BW9GU/Gi/FufExHU0ays4v+wPj8ATw8lLk=</latexit><latexit sha1_base64="W3ebt5ei7uraVmg1x0XBjIdAbxw=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEqlhmimB1VXQjuKlgH9BOSya9bUMzD5KMUIbixl9x40IRt36FO//GtJ2Fth4IHM65l5tz3JAzqSzr20gtLC4tr6RXM2vrG5tb5vZOVQaRoFChAQ9E3SUSOPOhopjiUA8FEM/lUHMH12O/9gBCssC/V8MQHI/0fNZllCgttc29q5aFmyrAt6342BrliheFI2idQOu0bWatvDUBnid2QrIoQbltfjU7AY088BXlRMqGbYXKiYlQjHIYZZqRhJDQAelBQ1OfeCCdeBJhhA+10sHdQOjnKzxRf2/ExJNy6Ll60iOqL2e9sfif14hUt+jEzA8jBT6dHupGHOvI4z5whwmgig81IVQw/VdM+0QQqnRrGV2CPRt5nlQLedvK23dn2dJlUkca7aMDlEM2OkcldIPKqIIoekTP6BW9GU/Gi/FufExHU0ays4v+wPj8ATw8lLk=</latexit><latexit sha1_base64="W3ebt5ei7uraVmg1x0XBjIdAbxw=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEqlhmimB1VXQjuKlgH9BOSya9bUMzD5KMUIbixl9x40IRt36FO//GtJ2Fth4IHM65l5tz3JAzqSzr20gtLC4tr6RXM2vrG5tb5vZOVQaRoFChAQ9E3SUSOPOhopjiUA8FEM/lUHMH12O/9gBCssC/V8MQHI/0fNZllCgttc29q5aFmyrAt6342BrliheFI2idQOu0bWatvDUBnid2QrIoQbltfjU7AY088BXlRMqGbYXKiYlQjHIYZZqRhJDQAelBQ1OfeCCdeBJhhA+10sHdQOjnKzxRf2/ExJNy6Ll60iOqL2e9sfif14hUt+jEzA8jBT6dHupGHOvI4z5whwmgig81IVQw/VdM+0QQqnRrGV2CPRt5nlQLedvK23dn2dJlUkca7aMDlEM2OkcldIPKqIIoekTP6BW9GU/Gi/FufExHU0ays4v+wPj8ATw8lLk=</latexit>

LHCb [JHEP 08 (2017) 055]

• Partially reconstructed backgrounds with missing pions are not well 
separated from the signal for dielectron final-states. 

https://doi.org/10.1007/JHEP08(2017)055


RK at low q2

• Similar contributions are 
seen in selected 
B+➞K+ℓ+ℓ− candidates.  

• Projecting onto the 
reconstructed B+ mass for 
1.1<q2<6.0 GeV2/c4:
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Candidates at large 
mass constrain the 
combinatorial 
background. 

Background from 
e.g. B+/0➞K*+/0e+e− 

decays.

Leakage from 
J/𝜓K+ decays.



RK and RK* at high q2?
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<latexit sha1_base64="pnEfRjJxt3FKqh5Iqw5t1uLmGEY=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWoSKWGRF1WXAjuKlgL9CZlkyaaUOTzJBkhDIUfBU3LhRx63O4823MtLPQ1gMJH/9/Djn5g5hRpR3n2yosLa+srhXXSxubW9s79u5eU0WJxKSBIxbJdoAUYVSQhqaakXYsCeIBI61gdJP5rUciFY3Egx7HxOdoIGhIMdJG6tkHvHLXPfVi2j3zeGIou056dtmpOtOCi+DmUAZ51Xv2l9ePcMKJ0JghpTquE2s/RVJTzMik5CWKxAiP0IB0DArEifLT6foTeGyUPgwjaY7QcKr+nkgRV2rMA9PJkR6qeS8T//M6iQ6v/ZSKONFE4NlDYcKgjmCWBexTSbBmYwMIS2p2hXiIJMLaJFYyIbjzX16E5nnVdaru/UW5dpnHUQSH4AhUgAuuQA3cgjpoAAxS8AxewZv1ZL1Y79bHrLVg5TP74E9Znz86GZRR</latexit><latexit sha1_base64="pnEfRjJxt3FKqh5Iqw5t1uLmGEY=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWoSKWGRF1WXAjuKlgL9CZlkyaaUOTzJBkhDIUfBU3LhRx63O4823MtLPQ1gMJH/9/Djn5g5hRpR3n2yosLa+srhXXSxubW9s79u5eU0WJxKSBIxbJdoAUYVSQhqaakXYsCeIBI61gdJP5rUciFY3Egx7HxOdoIGhIMdJG6tkHvHLXPfVi2j3zeGIou056dtmpOtOCi+DmUAZ51Xv2l9ePcMKJ0JghpTquE2s/RVJTzMik5CWKxAiP0IB0DArEifLT6foTeGyUPgwjaY7QcKr+nkgRV2rMA9PJkR6qeS8T//M6iQ6v/ZSKONFE4NlDYcKgjmCWBexTSbBmYwMIS2p2hXiIJMLaJFYyIbjzX16E5nnVdaru/UW5dpnHUQSH4AhUgAuuQA3cgjpoAAxS8AxewZv1ZL1Y79bHrLVg5TP74E9Znz86GZRR</latexit><latexit sha1_base64="pnEfRjJxt3FKqh5Iqw5t1uLmGEY=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWoSKWGRF1WXAjuKlgL9CZlkyaaUOTzJBkhDIUfBU3LhRx63O4823MtLPQ1gMJH/9/Djn5g5hRpR3n2yosLa+srhXXSxubW9s79u5eU0WJxKSBIxbJdoAUYVSQhqaakXYsCeIBI61gdJP5rUciFY3Egx7HxOdoIGhIMdJG6tkHvHLXPfVi2j3zeGIou056dtmpOtOCi+DmUAZ51Xv2l9ePcMKJ0JghpTquE2s/RVJTzMik5CWKxAiP0IB0DArEifLT6foTeGyUPgwjaY7QcKr+nkgRV2rMA9PJkR6qeS8T//M6iQ6v/ZSKONFE4NlDYcKgjmCWBexTSbBmYwMIS2p2hXiIJMLaJFYyIbjzX16E5nnVdaru/UW5dpnHUQSH4AhUgAuuQA3cgjpoAAxS8AxewZv1ZL1Y79bHrLVg5TP74E9Znz86GZRR</latexit><latexit sha1_base64="pnEfRjJxt3FKqh5Iqw5t1uLmGEY=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWoSKWGRF1WXAjuKlgL9CZlkyaaUOTzJBkhDIUfBU3LhRx63O4823MtLPQ1gMJH/9/Djn5g5hRpR3n2yosLa+srhXXSxubW9s79u5eU0WJxKSBIxbJdoAUYVSQhqaakXYsCeIBI61gdJP5rUciFY3Egx7HxOdoIGhIMdJG6tkHvHLXPfVi2j3zeGIou056dtmpOtOCi+DmUAZ51Xv2l9ePcMKJ0JghpTquE2s/RVJTzMik5CWKxAiP0IB0DArEifLT6foTeGyUPgwjaY7QcKr+nkgRV2rMA9PJkR6qeS8T//M6iQ6v/ZSKONFE4NlDYcKgjmCWBexTSbBmYwMIS2p2hXiIJMLaJFYyIbjzX16E5nnVdaru/UW5dpnHUQSH4AhUgAuuQA3cgjpoAAxS8AxewZv1ZL1Y79bHrLVg5TP74E9Znz86GZRR</latexit>

Combinatorial and partially 
reconstructed backgrounds 
are sculpted by the 
available phase space.

Leakage from 𝜓(2S)K(*) 

decays.

• At high q2 it becomes challenging 
to statistically separate signal from 
background. 

part-reco. 
background

𝜓(2S)K(*) 

signal

combinatorial background



RK and RK* at high q2

• Can we fit in 2D?  
‣ Features are easy to distinguish by eye in 2D but we don’t know the 

underlying q2 distribution of the signal or partially reconstructed backgrounds. 

• Can we constrain partially reconstructed backgrounds,  
e.g. using the K*0e+e− signal to constrain the background to K+e+e−?  
‣ Would require some assumptions, e.g. can we assume isospin symmetry?  

• Can we constrain the combinatorial background shape?  

‣ It’s unfeasible to generate enough MC to build a template. We could assume 
the behaviour is same in the dielectron and  dimuon final-states or use same-
sign combinations. Unclear how safe these assumptions would be since it 
depends on the origin of the leptons.      

17



Other processes?
•  Bs➞𝜙 ℓ+ℓ−

•  Λb➞pK−ℓ+ℓ− 

•  Λb➞Λℓ−ℓ−

18

❌ suppressed by smaller Bs production fraction 
     (fs/fd ~ 0.26). 
 
✔ reduced partially reconstructed background  
    (largest source involves a missing kaon and  
    is better separated from the signal).  



Other processes?
•  Bs➞𝜙ℓ+ℓ−  

•  Λb➞pK−ℓ+ℓ− 

•  Λb➞Λℓ−ℓ−

19

❌ very little phase space at high q2. 

Background subtracted pK mass 
distribution of Λb➞pK−𝜇+𝜇− decays in 
1.1<q2< 6.0 GeV2/c4: 

 
 
 
 
 

 
 

See contributions from a large number 
of Λ* resonances at large masses.  
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https://arxiv.org/abs/1912.08139


Other processes?
•  Bs➞𝜙ℓ+ℓ−  

•  Λb➞pK−ℓ+ℓ− 

•  Λb➞Λℓ−ℓ−

20

❌ suppressed due to need to  
     reconstruct long-lived Λ baryons. 

✔  partially reconstructed  
     backgrounds are suppressed.   
  
✔  signal predominantly expected  
     at large q2. 19
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FIG. 8. ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction calculated in the Standard Model, compared to experimental data from

LHCb [28] (black points; error bars are shown both including and excluding the uncertainty from the normalization mode
⇤b ! J/ ⇤ [84]).

hdB/dq
2i hFLi hA`

FBi hA⇤
FBi hA`⇤

FBi hK̂2ssi hK̂2cci hK̂4si hK̂4sci
[0.1, 2] 0.25(23) 0.465(84) 0.095(15) �0.310(18) �0.0302(51) �0.233(19) �0.154(26) �0.009(22) 0.022(22)

[2, 4] 0.18(12) 0.848(27) 0.057(31) �0.306(24) �0.0169(99) �0.284(23) �0.0444(87) 0.031(36) 0.013(31)

[4, 6] 0.23(11) 0.808(42) �0.062(39) �0.311(17) 0.021(13) �0.282(15) �0.059(13) 0.038(44) 0.001(31)

[6, 8] 0.307(94) 0.727(48) �0.163(40) �0.316(11) 0.053(13) �0.273(10) �0.086(15) 0.030(39) �0.007(27)

[1.1, 6] 0.20(12) 0.813(32) 0.012(31) �0.309(21) �0.0027(99) �0.280(20) �0.056(10) 0.030(35) 0.009(30)

[15, 16] 0.796(75) 0.454(20) �0.374(14) �0.3069(83) 0.1286(55) �0.2253(69) �0.1633(69) �0.060(13) �0.0211(80)

[16, 18] 0.827(76) 0.417(15) �0.372(13) �0.2891(90) 0.1377(46) �0.2080(69) �0.1621(66) �0.090(10) �0.0209(60)

[18, 20] 0.665(68) 0.3706(79) �0.309(15) �0.227(10) 0.1492(37) �0.1598(71) �0.1344(70) �0.1457(74) �0.0172(40)

[15, 20] 0.756(70) 0.409(13) �0.350(13) �0.2710(92) 0.1398(43) �0.1947(68) �0.1526(65) �0.1031(97) �0.0196(55)

TABLE VII. Standard-Model predictions for the binned ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction (in units of 10�7 GeV�2)

and for the binned ⇤b ! ⇤(! p
+
⇡
�)µ+

µ
� angular observables (with unpolarized ⇤b). The first column specifies the bin ranges

[q2min, q
2
max] in units of GeV2.

The uncertainties given for the Standard-Model predictions are the total uncertainties, which include the statistical
and systematic uncertainties from the form factors (propagated to the observables using the procedure explained in
Sec. IV), the perturbative uncertainties, an estimate of quark-hadron duality violations (discussed further below),
and the parametric uncertainties from Eqs. (64), (69), and (70). For all observables considered here (but not for K̂3s

and K̂3sc), the uncertainties associated with the subleading contributions from the OPE (at high q
2) are negligible

compared to the other uncertainties. The central values of the observables were computed at the renormalization
scale µ = 4.2 GeV; to estimate the perturbative uncertainties, we varied the renormalization scale from µ = 2.1 GeV
to µ = 8.4 GeV. When doing this scale variation, we also included the renormalization-group running of the tensor
form factors from the nominal scale µ0 = 4.2 GeV to the scale µ, by multiplying these form factors with

✓
↵s(µ)

↵s(µ0)

◆��
(0)
T /(2�0)

(72)

(as in Ref. [8]), where �
(0)
T

= 2 CF = 8/3 is the anomalous dimension of the tensor current [97], and �0 = (11 Nc �

2 Nf )/3 = 23/3 is the leading-order QCD beta function [98] for 5 active flavors. Even though we did not perform
a one-loop calculation of the residual lattice-to-continuum matching factors for the tensor currents, our estimates of
the renormalization uncertainties in the tensor form factors as discussed in Sec. IV are specific for µ = 4.2 GeV, and
doing the RG running avoids a double-counting of these uncertainties. Note that the contributions of the tensor form
factors to the observables are proportional to 1/q

2 (because of the photon propagator connecting O7 to the lepton
current), and are suppressed relative to those from the vector and axial vector form factors at high q

2. At low q
2,
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