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▸ Helicity angles distributions (and derived observables) are sensitive to New Physics 
contributions and hadronic interactions (Form Factors)

(Electroweak) couplings + QCD encompassed by Form Factors

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

▸ Angular analyses: New Physics searches, complementary to Lepton Universality tests

▸ Hadronic Form Factors measurements

▸ In this talk: latest results and ongoing                               studies at LHCbHb → Hcℓν
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Angular analyses of semileptonic b-hadron decays
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Semileptonic decays @LHCb

▸ Partial reconstruction → unconstrained kinematics: (with a single missing particle we can 
solve for the missing 3-momentum, with a quadratic ambiguity)
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Non-reconstructable neutrino(s)

▸ Partial reconstruction → large backgrounds: need to fully exploit vertex topology 
information, track isolation, available kinematic information

Primary Vertex 
(pp collision) Decay Vertex
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▸ All b-hadron species you can dream of - Not included in this talk: other exclusive decays 
(baryons: complementary spin-structure) !

▸ Millions of signal candidates already collected

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023
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A word about the leptons
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Non-reconstructable neutrino(s)

Primary Vertex 
(pp collision) Decay Vertex

τ decay mode BR[%]

17.39±0.0
417.82±0.0
49.31±0.05

4.62±0.05
18.82±0.0

525.49±0.9
9
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⌧ ! ⇡⌫
<latexit sha1_base64="IFrX8McibM+yaVsbfxZrJQJSiJk=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFcFVmRNBl0Y3LCvYCnVIyaaYNzWSG5ESopU/ixoUibn0Ud76N6WWhrT8EPv5zDjnnj3MpDAbBt7e2vrG5tV3YKe7u7R+U/MOjhsmsZrzOMpnpVkwNl0LxOgqUvJVrTtNY8mY8vJ3Wm49cG5GpBxzlvJPSvhKJYBSd1fVLEVIbYUaiXJBI2a5fDirBTGQVwgWUYaFa1/+KehmzKVfIJDWmHQY5dsZUo2CST4qRNTynbEj7vO1Q0ZSbzni2+IScOadHkky7p5DM3N8TY5oaM0pj15lSHJjl2tT8r9a2mFx3xkLlFrli848SK4k7dJoC6QnNGcqRA8q0cLsSNqCaMnRZFV0I4fLJq9C4qISO7y/L1ZtFHAU4gVM4hxCuoAp3UIM6MLDwDK/w5j15L9679zFvXfMWM8fwR97nD1HMkto=</latexit><latexit sha1_base64="IFrX8McibM+yaVsbfxZrJQJSiJk=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFcFVmRNBl0Y3LCvYCnVIyaaYNzWSG5ESopU/ixoUibn0Ud76N6WWhrT8EPv5zDjnnj3MpDAbBt7e2vrG5tV3YKe7u7R+U/MOjhsmsZrzOMpnpVkwNl0LxOgqUvJVrTtNY8mY8vJ3Wm49cG5GpBxzlvJPSvhKJYBSd1fVLEVIbYUaiXJBI2a5fDirBTGQVwgWUYaFa1/+KehmzKVfIJDWmHQY5dsZUo2CST4qRNTynbEj7vO1Q0ZSbzni2+IScOadHkky7p5DM3N8TY5oaM0pj15lSHJjl2tT8r9a2mFx3xkLlFrli848SK4k7dJoC6QnNGcqRA8q0cLsSNqCaMnRZFV0I4fLJq9C4qISO7y/L1ZtFHAU4gVM4hxCuoAp3UIM6MLDwDK/w5j15L9679zFvXfMWM8fwR97nD1HMkto=</latexit><latexit sha1_base64="IFrX8McibM+yaVsbfxZrJQJSiJk=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFcFVmRNBl0Y3LCvYCnVIyaaYNzWSG5ESopU/ixoUibn0Ud76N6WWhrT8EPv5zDjnnj3MpDAbBt7e2vrG5tV3YKe7u7R+U/MOjhsmsZrzOMpnpVkwNl0LxOgqUvJVrTtNY8mY8vJ3Wm49cG5GpBxzlvJPSvhKJYBSd1fVLEVIbYUaiXJBI2a5fDirBTGQVwgWUYaFa1/+KehmzKVfIJDWmHQY5dsZUo2CST4qRNTynbEj7vO1Q0ZSbzni2+IScOadHkky7p5DM3N8TY5oaM0pj15lSHJjl2tT8r9a2mFx3xkLlFrli848SK4k7dJoC6QnNGcqRA8q0cLsSNqCaMnRZFV0I4fLJq9C4qISO7y/L1ZtFHAU4gVM4hxCuoAp3UIM6MLDwDK/w5j15L9679zFvXfMWM8fwR97nD1HMkto=</latexit><latexit sha1_base64="IFrX8McibM+yaVsbfxZrJQJSiJk=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFcFVmRNBl0Y3LCvYCnVIyaaYNzWSG5ESopU/ixoUibn0Ud76N6WWhrT8EPv5zDjnnj3MpDAbBt7e2vrG5tV3YKe7u7R+U/MOjhsmsZrzOMpnpVkwNl0LxOgqUvJVrTtNY8mY8vJ3Wm49cG5GpBxzlvJPSvhKJYBSd1fVLEVIbYUaiXJBI2a5fDirBTGQVwgWUYaFa1/+KehmzKVfIJDWmHQY5dsZUo2CST4qRNTynbEj7vO1Q0ZSbzni2+IScOadHkky7p5DM3N8TY5oaM0pj15lSHJjl2tT8r9a2mFx3xkLlFrli848SK4k7dJoC6QnNGcqRA8q0cLsSNqCaMnRZFV0I4fLJq9C4qISO7y/L1ZtFHAU4gVM4hxCuoAp3UIM6MLDwDK/w5j15L9679zFvXfMWM8fwR97nD1HMkto=</latexit>

⌧ ! ⇢⌫
<latexit sha1_base64="z5uUgd+23/udV4uabK2kFQiXsng=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi6LHoxWMF+wFNKJvttl262YTd2UIJ/SdePCji1X/izX/jts1BWx/s8nhvhpl5cSa4Rt//dkobm1vbO+Xdyt7+weGRe3zS0qlRlDVpKlLViYlmgkvWRI6CdTLFSBIL1o7H93O/PWFK81Q+4TRjUUKGkg84JWilnuuGSEyIqReqkf2k6blVv+Yv4K2ToCBVKNDouV9hP6UmYRKpIFp3Az/DKCcKORVsVgmNZhmhYzJkXUslSZiO8sXmM+/CKn1vkCr7JHoL9XdHThKtp0lsKxOCI73qzcX/vK7BwW2Uc5kZZJIuBw2M8Oyl8xi8PleMophaQqjidlePjogiFG1YFRtCsHryOmld1QLLH6+r9bsijjKcwTlcQgA3UIcHaEATKEzgGV7hzcmdF+fd+ViWlpyi5xT+wPn8ASa3k1Q=</latexit><latexit sha1_base64="z5uUgd+23/udV4uabK2kFQiXsng=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi6LHoxWMF+wFNKJvttl262YTd2UIJ/SdePCji1X/izX/jts1BWx/s8nhvhpl5cSa4Rt//dkobm1vbO+Xdyt7+weGRe3zS0qlRlDVpKlLViYlmgkvWRI6CdTLFSBIL1o7H93O/PWFK81Q+4TRjUUKGkg84JWilnuuGSEyIqReqkf2k6blVv+Yv4K2ToCBVKNDouV9hP6UmYRKpIFp3Az/DKCcKORVsVgmNZhmhYzJkXUslSZiO8sXmM+/CKn1vkCr7JHoL9XdHThKtp0lsKxOCI73qzcX/vK7BwW2Uc5kZZJIuBw2M8Oyl8xi8PleMophaQqjidlePjogiFG1YFRtCsHryOmld1QLLH6+r9bsijjKcwTlcQgA3UIcHaEATKEzgGV7hzcmdF+fd+ViWlpyi5xT+wPn8ASa3k1Q=</latexit><latexit sha1_base64="z5uUgd+23/udV4uabK2kFQiXsng=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi6LHoxWMF+wFNKJvttl262YTd2UIJ/SdePCji1X/izX/jts1BWx/s8nhvhpl5cSa4Rt//dkobm1vbO+Xdyt7+weGRe3zS0qlRlDVpKlLViYlmgkvWRI6CdTLFSBIL1o7H93O/PWFK81Q+4TRjUUKGkg84JWilnuuGSEyIqReqkf2k6blVv+Yv4K2ToCBVKNDouV9hP6UmYRKpIFp3Az/DKCcKORVsVgmNZhmhYzJkXUslSZiO8sXmM+/CKn1vkCr7JHoL9XdHThKtp0lsKxOCI73qzcX/vK7BwW2Uc5kZZJIuBw2M8Oyl8xi8PleMophaQqjidlePjogiFG1YFRtCsHryOmld1QLLH6+r9bsijjKcwTlcQgA3UIcHaEATKEzgGV7hzcmdF+fd+ViWlpyi5xT+wPn8ASa3k1Q=</latexit><latexit sha1_base64="z5uUgd+23/udV4uabK2kFQiXsng=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi6LHoxWMF+wFNKJvttl262YTd2UIJ/SdePCji1X/izX/jts1BWx/s8nhvhpl5cSa4Rt//dkobm1vbO+Xdyt7+weGRe3zS0qlRlDVpKlLViYlmgkvWRI6CdTLFSBIL1o7H93O/PWFK81Q+4TRjUUKGkg84JWilnuuGSEyIqReqkf2k6blVv+Yv4K2ToCBVKNDouV9hP6UmYRKpIFp3Az/DKCcKORVsVgmNZhmhYzJkXUslSZiO8sXmM+/CKn1vkCr7JHoL9XdHThKtp0lsKxOCI73qzcX/vK7BwW2Uc5kZZJIuBw2M8Oyl8xi8PleMophaQqjidlePjogiFG1YFRtCsHryOmld1QLLH6+r9bsijjKcwTlcQgA3UIcHaEATKEzgGV7hzcmdF+fd+ViWlpyi5xT+wPn8ASa3k1Q=</latexit>

<latexit sha1_base64="qaxZ5Bafo14IMLG5FAKQH5Zq+W8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklE0WPRi+ClgmkLbS2b7aRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFySCa+O6387S8srq2npho7i5tb2zW9rbr+s4VQx9FotYNQOqUXCJvuFGYDNRSKNAYCMY3kz8xhMqzWP5YEYJdiLalzzkjBor+XeP2em4Wyq7FXcKski8nJQhR61b+mr3YpZGKA0TVOuW5yamk1FlOBM4LrZTjQllQ9rHlqWSRqg72fTYMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6UmvOpkXCapQclmi8JUEBOTyeekxxUyI0aWUKa4vZWwAVWUGZtP0Ybgzb+8SOpnFe+i4t6fl6vXeRwFOIQjOAEPLqEKt1ADHxhweIZXeHOk8+K8Ox+z1iUnnzmAP3A+fwCCC458</latexit>

K+

<latexit sha1_base64="PEt5sBPJhmp+zGlzf4nQ8nmosUI=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBi2VXRD0WvXisYD+gXUs2zbah2SQkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLR7dRvPVFtmBQPdqxomOCBYDEj2Dqp1VXsMTub9MoVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJudO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q4+swY0KllgoyXxSnHFmJpr+jPtOUWD52BBPN3K2IDLHGxLqESi6EYPHlZdI8rwaX1eD+olK7yeMowhEcwykEcAU1uIM6NIDACJ7hFd485b14797HvLXg5TOH8Afe5w83K49+</latexit>

⇡�

<latexit sha1_base64="PEt5sBPJhmp+zGlzf4nQ8nmosUI=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBi2VXRD0WvXisYD+gXUs2zbah2SQkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGplqQhtEcqnbETaUM0EblllO20pTnESctqLR7dRvPVFtmBQPdqxomOCBYDEj2Dqp1VXsMTub9MoVv+rPgJZJkJMK5Kj3yl/dviRpQoUlHBvTCXxlwwxrywink1I3NVRhMsID2nFU4ISaMJudO0EnTumjWGpXwqKZ+nsiw4kx4yRynQm2Q7PoTcX/vE5q4+swY0KllgoyXxSnHFmJpr+jPtOUWD52BBPN3K2IDLHGxLqESi6EYPHlZdI8rwaX1eD+olK7yeMowhEcwykEcAU1uIM6NIDACJ7hFd485b14797HvLXg5TOH8Afe5w83K49+</latexit>

⇡�

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

▸ Electrons @LHCb: fewer electrons than muons (lower selection efficiency) and with worse 
resolution (Bremsstrahlung) - but  less noticeable once you have already unconstrained 
kinematics

▸ Taus @LHCb: muonic decay (direct comparison with Hb→Hcµν) or hadronic (3-
prong) decay: better constrained kinematics using the tau decay verses

▸ Muons: easier to detect, semi-muonic samples are fairly clean

On-going efforts using all leptons!
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Mcorr =
q
M2

Dµ + |p?|2 + |p?|

m2
miss = (pB � pD⇤ � pµ)

2
<latexit sha1_base64="GFfNq+ZjFVapaVrBAZ15yLJ9f5I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqAyWpkGBBqgoDY5HoQ2rSyHHd1qqdRLaDVEX5DBZ+hYUBhFi78Te4aQYoHMnW8Tn36voeP2JUKsv6Mgorq2vrG8XN0tb2zu6euX/QlmEsMGnhkIWi6yNJGA1IS1HFSDcSBHGfkY4/uZn7nUciJA2DBzWNiMvRKKBDipHSkmeecy9xBIecSpn2k1p6XYm8pJGe6fu2nzhIqjR7ODxOT/s1zyxbVSsD/EvsnJRBjqZnzpxBiGNOAoUZkrJnW5FyEyQUxYykJSeWJEJ4gkakp2mAOJFuki2WwhOtDOAwFPoECmbqz44EcSmn3NeVHKmxXPbm4n9eL1bDKzehQRQrEuDFoGHMoArhPCU4oIJgxaaaICyo/ivEYyQQVjrLkg7BXl75L2nXqrbm9xfleiOPowiOwDGoABtcgjq4A03QAhg8gRfwBt6NZ+PV+DA+F6UFI+85BL9gzL4BJEygbw==</latexit><latexit sha1_base64="GFfNq+ZjFVapaVrBAZ15yLJ9f5I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqAyWpkGBBqgoDY5HoQ2rSyHHd1qqdRLaDVEX5DBZ+hYUBhFi78Te4aQYoHMnW8Tn36voeP2JUKsv6Mgorq2vrG8XN0tb2zu6euX/QlmEsMGnhkIWi6yNJGA1IS1HFSDcSBHGfkY4/uZn7nUciJA2DBzWNiMvRKKBDipHSkmeecy9xBIecSpn2k1p6XYm8pJGe6fu2nzhIqjR7ODxOT/s1zyxbVSsD/EvsnJRBjqZnzpxBiGNOAoUZkrJnW5FyEyQUxYykJSeWJEJ4gkakp2mAOJFuki2WwhOtDOAwFPoECmbqz44EcSmn3NeVHKmxXPbm4n9eL1bDKzehQRQrEuDFoGHMoArhPCU4oIJgxaaaICyo/ivEYyQQVjrLkg7BXl75L2nXqrbm9xfleiOPowiOwDGoABtcgjq4A03QAhg8gRfwBt6NZ+PV+DA+F6UFI+85BL9gzL4BJEygbw==</latexit><latexit sha1_base64="GFfNq+ZjFVapaVrBAZ15yLJ9f5I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqAyWpkGBBqgoDY5HoQ2rSyHHd1qqdRLaDVEX5DBZ+hYUBhFi78Te4aQYoHMnW8Tn36voeP2JUKsv6Mgorq2vrG8XN0tb2zu6euX/QlmEsMGnhkIWi6yNJGA1IS1HFSDcSBHGfkY4/uZn7nUciJA2DBzWNiMvRKKBDipHSkmeecy9xBIecSpn2k1p6XYm8pJGe6fu2nzhIqjR7ODxOT/s1zyxbVSsD/EvsnJRBjqZnzpxBiGNOAoUZkrJnW5FyEyQUxYykJSeWJEJ4gkakp2mAOJFuki2WwhOtDOAwFPoECmbqz44EcSmn3NeVHKmxXPbm4n9eL1bDKzehQRQrEuDFoGHMoArhPCU4oIJgxaaaICyo/ivEYyQQVjrLkg7BXl75L2nXqrbm9xfleiOPowiOwDGoABtcgjq4A03QAhg8gRfwBt6NZ+PV+DA+F6UFI+85BL9gzL4BJEygbw==</latexit><latexit sha1_base64="GFfNq+ZjFVapaVrBAZ15yLJ9f5I=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqAyWpkGBBqgoDY5HoQ2rSyHHd1qqdRLaDVEX5DBZ+hYUBhFi78Te4aQYoHMnW8Tn36voeP2JUKsv6Mgorq2vrG8XN0tb2zu6euX/QlmEsMGnhkIWi6yNJGA1IS1HFSDcSBHGfkY4/uZn7nUciJA2DBzWNiMvRKKBDipHSkmeecy9xBIecSpn2k1p6XYm8pJGe6fu2nzhIqjR7ODxOT/s1zyxbVSsD/EvsnJRBjqZnzpxBiGNOAoUZkrJnW5FyEyQUxYykJSeWJEJ4gkakp2mAOJFuki2WwhOtDOAwFPoECmbqz44EcSmn3NeVHKmxXPbm4n9eL1bDKzehQRQrEuDFoGHMoArhPCU4oIJgxaaaICyo/ivEYyQQVjrLkg7BXl75L2nXqrbm9xfleiOPowiOwDGoABtcgjq4A03QAhg8gRfwBt6NZ+PV+DA+F6UFI+85BL9gzL4BJEygbw==</latexit>

▸ Essential use of track isolation and control 
regions to describe the sample composition▸ Analyses with  muons: signal dominated

Backgrounds

L(B )PV
0 DV(B )0

p2-body
→

Tp
→mis~p?

<latexit sha1_base64="yoxiGmJ/Xnzj/3It9h2Qx4j1ESw=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdEfRY9OKxgm2FdinZdLYNze6GJFuoS3+JFw+KePWnePPfmH4g2vpgmMd7M2TyQim4Np735RTW1jc2t4rbpZ3dvf2ye3DY1GmmGDZYKlL1EFKNgifYMNwIfJAKaRwKbIXDm6nfGqHSPE3uzVhiENN+wiPOqLFS1y13RshyOenmHYnKdrfiVb0ZyA/xl0kFFqh33c9OL2VZjIlhgmrd9j1pgpwqw5nASamTaZSUDWkf25YmNEYd5LPDJ+TUKj0SpcpWYshM/b2R01jrcRzayZiagV72puJ/Xjsz0VWQ80RmBhM2fyjKBDEpmaZAelwhM2JsCWWK21sJG1BFmbFZlWwIK19eJc3zqu9V/buLSu16EUcRjuEEzsCHS6jBLdShAQwyeIIXeHUenWfnzXmfjxacxc4R/IHz8Q2XQZOu</latexit><latexit sha1_base64="yoxiGmJ/Xnzj/3It9h2Qx4j1ESw=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdEfRY9OKxgm2FdinZdLYNze6GJFuoS3+JFw+KePWnePPfmH4g2vpgmMd7M2TyQim4Np735RTW1jc2t4rbpZ3dvf2ye3DY1GmmGDZYKlL1EFKNgifYMNwIfJAKaRwKbIXDm6nfGqHSPE3uzVhiENN+wiPOqLFS1y13RshyOenmHYnKdrfiVb0ZyA/xl0kFFqh33c9OL2VZjIlhgmrd9j1pgpwqw5nASamTaZSUDWkf25YmNEYd5LPDJ+TUKj0SpcpWYshM/b2R01jrcRzayZiagV72puJ/Xjsz0VWQ80RmBhM2fyjKBDEpmaZAelwhM2JsCWWK21sJG1BFmbFZlWwIK19eJc3zqu9V/buLSu16EUcRjuEEzsCHS6jBLdShAQwyeIIXeHUenWfnzXmfjxacxc4R/IHz8Q2XQZOu</latexit><latexit sha1_base64="yoxiGmJ/Xnzj/3It9h2Qx4j1ESw=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdEfRY9OKxgm2FdinZdLYNze6GJFuoS3+JFw+KePWnePPfmH4g2vpgmMd7M2TyQim4Np735RTW1jc2t4rbpZ3dvf2ye3DY1GmmGDZYKlL1EFKNgifYMNwIfJAKaRwKbIXDm6nfGqHSPE3uzVhiENN+wiPOqLFS1y13RshyOenmHYnKdrfiVb0ZyA/xl0kFFqh33c9OL2VZjIlhgmrd9j1pgpwqw5nASamTaZSUDWkf25YmNEYd5LPDJ+TUKj0SpcpWYshM/b2R01jrcRzayZiagV72puJ/Xjsz0VWQ80RmBhM2fyjKBDEpmaZAelwhM2JsCWWK21sJG1BFmbFZlWwIK19eJc3zqu9V/buLSu16EUcRjuEEzsCHS6jBLdShAQwyeIIXeHUenWfnzXmfjxacxc4R/IHz8Q2XQZOu</latexit><latexit sha1_base64="yoxiGmJ/Xnzj/3It9h2Qx4j1ESw=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdEfRY9OKxgm2FdinZdLYNze6GJFuoS3+JFw+KePWnePPfmH4g2vpgmMd7M2TyQim4Np735RTW1jc2t4rbpZ3dvf2ye3DY1GmmGDZYKlL1EFKNgifYMNwIfJAKaRwKbIXDm6nfGqHSPE3uzVhiENN+wiPOqLFS1y13RshyOenmHYnKdrfiVb0ZyA/xl0kFFqh33c9OL2VZjIlhgmrd9j1pgpwqw5nASamTaZSUDWkf25YmNEYd5LPDJ+TUKj0SpcpWYshM/b2R01jrcRzayZiagV72puJ/Xjsz0VWQ80RmBhM2fyjKBDEpmaZAelwhM2JsCWWK21sJG1BFmbFZlWwIK19eJc3zqu9V/buLSu16EUcRjuEEzsCHS6jBLdShAQwyeIIXeHUenWfnzXmfjxacxc4R/IHz8Q2XQZOu</latexit>

▸ Analyses with taus: background dominated

Unofficial
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B0 ! D(⇤)µ⌫
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B0 ! D(⇤)⌧⌫

~300k 
B→D*μν, 
[D*→D  π] 
in Run 1

~90% purity
0
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Partial reconstruction
▸ With more than one missing neutrino: 

B rest frame approximation
<latexit sha1_base64="yqmRQls8QJGg2oK+Vz1IJZtaCJ4="></latexit>

(��z)B = (��z)D⇤µ =) (pz)B =
mB

m(D⇤µ)
(pz)D⇤µ

▸ With only one missing particle: longitudinal neutrino (or B) 
momentum component known up to a two-fold ambiguity

▸ Pick one solution randomly
▸ Use linear regression prediction 

G. Ciezarek et. al, JHEP 2 (2017) 021
▸ Use a proxy variable

<latexit sha1_base64="NXEzTT2f6IaFSHHSIfsewp4NGqc=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXw0Rsp90V3bisYB/SlpJJM21okglJRihDv8KNC0Xc+jnu/BvTh6CiB0IO59zLvfdEijNjg+DDW1ldW9/YzG3lt3d29/YLB4dNk6Sa0AZJeKLbETaUM0kblllO20pTLCJOW9H4aua37qk2LJG3dqJoT+ChZDEj2DrpTvWzrqJaTfuFYuCjMAhRGQZ+KaygauiI+1C1DJEfzFEES9T7hffuICGpoNISjo3poEDZXoa1ZYTTab6bGqowGeMh7TgqsaCml80XnsJTpwxgnGj3pIVz9XtHhoUxExG5SoHtyPz2ZuJfXie1caWXMalSSyVZDIpTDm0CZ9fDAdOUWD5xBBPN3K6QjLDGxLqM8i6Er0vh/6R57qOSH9xcFGuXyzhy4BicgDOAQAhq4BrUQQMQIMADeALPnvYevRfvdVG64i17jsAPeG+fxPyRDw==</latexit>p?

<latexit sha1_base64="NXEzTT2f6IaFSHHSIfsewp4NGqc=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXw0Rsp90V3bisYB/SlpJJM21okglJRihDv8KNC0Xc+jnu/BvTh6CiB0IO59zLvfdEijNjg+DDW1ldW9/YzG3lt3d29/YLB4dNk6Sa0AZJeKLbETaUM0kblllO20pTLCJOW9H4aua37qk2LJG3dqJoT+ChZDEj2DrpTvWzrqJaTfuFYuCjMAhRGQZ+KaygauiI+1C1DJEfzFEES9T7hffuICGpoNISjo3poEDZXoa1ZYTTab6bGqowGeMh7TgqsaCml80XnsJTpwxgnGj3pIVz9XtHhoUxExG5SoHtyPz2ZuJfXie1caWXMalSSyVZDIpTDm0CZ9fDAdOUWD5xBBPN3K6QjLDGxLqM8i6Er0vh/6R57qOSH9xcFGuXyzhy4BicgDOAQAhq4BrUQQMQIMADeALPnvYevRfvdVG64i17jsAPeG+fxPyRDw==</latexit>p?

<latexit sha1_base64="lhdCbeeq104/O61Yae5JMm53kmA=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6q/t15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH16wjdo=</latexit>µ

<latexit sha1_base64="vXXDBjPhlKtinsJ4F+G8st1TSa4=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjK2pbMsunFZwT6kM5RMmrahSWZIMkIZ+hVuXCji1s9x59+YtiOo6IELh3Pu5d57ooQzbRD6cApr6xubW8Xt0s7u3v5B+fCoo+NUEdomMY9VL8KaciZp2zDDaS9RFIuI0240vVr43XuqNIvlrZklNBR4LNmIEWysdBfIdJAFIp0PyhXkNjxU932IXLSEJVVUq9Z86OVKBeRoDcrvwTAmqaDSEI617nsoMWGGlWGE03kpSDVNMJniMe1bKrGgOsyWB8/hmVWGcBQrW9LApfp9IsNC65mIbKfAZqJ/ewvxL6+fmpEfZkwmqaGSrBaNUg5NDBffwyFTlBg+swQTxeytkEywwsTYjEo2hK9P4f+kc+F6dRfd1CrNyzyOIjgBp+AceKABmuAatEAbECDAA3gCz45yHp0X53XVWnDymWPwA87bJ39zkN8=</latexit>⌫µ

<latexit sha1_base64="J9SbBL0N4t1EBm7h4xDFwBc7ex4=">AAAB9HicdVDLSgMxFM3UV62vqks3wSLUzTAjtdPuirpwWcE+oDOWTJq2oUlmTDKFMvQ73LhQxK0f486/MX0IKnrgcg/n3EtuThgzqrTjfFiZldW19Y3sZm5re2d3L79/0FRRIjFp4IhFsh0iRRgVpKGpZqQdS4J4yEgrHF3O/NaYSEUjcasnMQk4GgjapxhpIwVXd2nRR0qfTn2edPMFx3Y9x3PL0LHPvYpb9Qwxza2WoWs7cxTAEvVu/t3vRTjhRGjMkFId14l1kCKpKWZkmvMTRWKER2hAOoYKxIkK0vnRU3hilB7sR9KU0HCuft9IEVdqwkMzyZEeqt/eTPzL6yS6XwlSKuJEE4EXD/UTBnUEZwnAHpUEazYxBGFJza0QD5FEWJucciaEr5/C/0nzzHbLdummVKhdLOPIgiNwDIrABR6ogWtQBw2AwT14AE/g2Rpbj9aL9boYzVjLnUPwA9bbJ9cBki8=</latexit>

D(⇤)µ
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https://arxiv.org/abs/1611.08522
https://arxiv.org/abs/2001.03225
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Large samples & a variety of decay modes
Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023
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Phys. Rev. Lett. 126 (2021) 081804

▸ Run-II: ~x4 Run-I 
considering luminosity 
and cross-section x 
gain in selection 
efficiencies (sample/
selection dependent)

~23k 
candidates

~8.5k 
candidates

Λc(2625)+Λc(2595)+

Λ0
b → Λ+

c μ−ν̄X with Λ+
c → pKπ

https://arxiv.org/pdf/2302.02886.pdf
https://arxiv.org/abs/2001.03225
https://arxiv.org/pdf/1709.01920.pdf
https://arxiv.org/pdf/2012.05143.pdf
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Differential measurements
Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

▸ Measurement of the shape of    
the                                decay rate B0

s → D*−
s μ+νμ
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▸ Fully reconstruct D*−
s → D−

s γ

▸ Signal yield measured in bins 
of hadronic recoil parameter 
w = vB0

s
⋅ vD*−

s

https://arxiv.org/abs/2003.08453
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Differential measurements
Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

▸ Measurement of the shape of    
the                                decay rate B0

s → D*−
s μ+νμ
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▸ Fully reconstruct D*−
s → D−

s γ

▸ Signal yield measured in bins 
of hadronic recoil parameter 
w = vB0

s
⋅ vD*−

s
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Fit with BGL parametrisation

Fit with CLN parametrisation

LHCb

w bin

1 2 3 4 5 6 7

Fraction of Nunf
corr,i 0.183 0.144 0.148 0.128 0.117 0.122 0.158

Uncertainties (%)

Simulation sample size 3.5 3.0 2.8 3.1 3.4 3.0 3.7

Sample sizes for e↵s and corrections 3.6 3.2 3.0 2.8 2.8 2.7 2.8

SVD unfolding regularisation 0.5 0.5 0.1 0.7 1.2 0.0 0.5

Radiative corrections 0.1 0.2 0.1 0.3 0.4 0.2 0.2

Simulation FF parametrisation 0.3 0.1 0.1 0.1 0.2 0.4 0.2

Kinematic corrections 2.4 1.0 1.1 0.1 0.2 0.1 0.9

Hardware-trigger e�ciency 0.3 0.3 0.0 0.2 0.2 0.3 0.1

Software-trigger e�ciency 0.0 0.1 0.0 0.0 0.1 0.0 0.0

D�
s selection e�ciency 0.5 0.2 0.3 0.3 0.2 0.1 0.3

Photon background subtraction 0.0 2.3 0.8 2.9 2.0 0.9 0.4

Total systematic uncertainty 5.6 5.1 4.4 5.2 5.0 4.2 4.8

Statistical uncertainty 3.4 2.9 2.7 3.1 3.2 2.9 3.4

Unfolded  efficiency corrected yields+ correlation matrix in the paper

https://arxiv.org/abs/2003.08453
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Hadronic Form Factors measurements
Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

▸ Measurement of the shape of  
the                              decay rate B0

s → D*−
s μ+νμ

▸ Fully reconstruct D*−
s → D−

s γ

▸ Signal yield measured in bins of 
hadronic recoil parameter w = vB0

s
⋅ vD*−

sJH
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44 CLN fit

Unfolded fit ⇢2 = 1.16± 0.05± 0.07
Unfolded fit with massless leptons ⇢2 = 1.17± 0.05± 0.07
Folded fit ⇢2 = 1.14± 0.04± 0.07

BGL fit

Unfolded fit
af1 = �0.005± 0.034± 0.046
af2 = 1.00+0.00

� 0.19
+ 0.00
� 0.38

Folded fit
af1 = 0.039± 0.029± 0.046
af2 = 1.00+0.00

� 0.13
+ 0.00
� 0.34
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Hadronic Form Factors measurements
Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

▸ Measurement of the shape of  the                              
decay rate 

B0
s → D*−

s μ+νμ

▸ Fully reconstruct D*−
s → D−

s γ

▸ Signal yield measured in bins of hadronic 
recoil parameter w = vB0

s
⋅ vD*−

s

▸ First measurement of            using                                    
<latexit sha1_base64="1EBjvNffA948Dw7vVqlFvPdB0Ww=">AAAB73icdVDLSsNAFJ34rPVVdelmaBEEISQ12nZXdOOygn1AG8pkOmmHTiZxZiKEtD8hggtF3Po77vo3ThsFFT1w4XDOvdx7jxcxKpVlzYyl5ZXVtfXcRn5za3tnt7C335JhLDBp4pCFouMhSRjlpKmoYqQTCYICj5G2N76c++07IiQN+Y1KIuIGaMipTzFSWupMWv0Ue9NJv1CyTOe0WnYsqMmZ49QqGbFrNrRNa4FSvdg7eZjVk0a/8N4bhDgOCFeYISm7thUpN0VCUczINN+LJYkQHqMh6WrKUUCkmy7uncIjrQygHwpdXMGF+n0iRYGUSeDpzgCpkfztzcW/vG6s/KqbUh7FinCcLfJjBlUI58/DARUEK5ZogrCg+laIR0ggrHREeR3C16fwf9Iqm/a56VzrNC5Ahhw4BEVwDGxQAXVwBRqgCTBg4B48gWfj1ng0XozXrHXJ+Jw5AD9gvH0A+bqTlg==</latexit>

|Vcb|
<latexit sha1_base64="lXrOQYMHJaaauYb2EpFk1CEVB0g="></latexit>

B0
s ! D(⇤)�

s µ+⌫µ

▸ Measure rate relative to
▸ Requires external inputs for 

<latexit sha1_base64="1EBjvNffA948Dw7vVqlFvPdB0Ww=">AAAB73icdVDLSsNAFJ34rPVVdelmaBEEISQ12nZXdOOygn1AG8pkOmmHTiZxZiKEtD8hggtF3Po77vo3ThsFFT1w4XDOvdx7jxcxKpVlzYyl5ZXVtfXcRn5za3tnt7C335JhLDBp4pCFouMhSRjlpKmoYqQTCYICj5G2N76c++07IiQN+Y1KIuIGaMipTzFSWupMWv0Ue9NJv1CyTOe0WnYsqMmZ49QqGbFrNrRNa4FSvdg7eZjVk0a/8N4bhDgOCFeYISm7thUpN0VCUczINN+LJYkQHqMh6WrKUUCkmy7uncIjrQygHwpdXMGF+n0iRYGUSeDpzgCpkfztzcW/vG6s/KqbUh7FinCcLfJjBlUI58/DARUEK5ZogrCg+laIR0ggrHREeR3C16fwf9Iqm/a56VzrNC5Ahhw4BEVwDGxQAXVwBRqgCTBg4B48gWfj1ng0XozXrHXJ+Jw5AD9gvH0A+bqTlg==</latexit>

|Vcb|

<latexit sha1_base64="qJBTTEItu4NWxl0MPf3bTpTR5YI="></latexit>

B0 ! D(⇤)�µ+⌫µ

▸ Sensitivity to hadronic form factors also from many more measurements, e.g. LFU ratios 
(dedicated measurements being worked on)
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LHCb-PAPER-2022-039

CLN fit

Unfolded fit ⇢2 = 1.16± 0.05± 0.07
Unfolded fit with massless leptons ⇢2 = 1.17± 0.05± 0.07
Folded fit ⇢2 = 1.14± 0.04± 0.07

BGL fit

Unfolded fit
af1 = �0.005± 0.034± 0.046
af2 = 1.00+0.00

� 0.19
+ 0.00
� 0.38

Folded fit
af1 = 0.039± 0.029± 0.046
af2 = 1.00+0.00

� 0.13
+ 0.00
� 0.34

Parameter Value

|Vcb| [10�3] 42.3 ± 0.8 (stat)± 1.2 (ext)
G(0) 1.097 ± 0.034 (stat)± 0.001 (ext)
d1 �0.017 ± 0.007 (stat)± 0.001 (ext)
d2 �0.26 ± 0.05 (stat)± 0.00 (ext)
b1 �0.06 ± 0.07 (stat)± 0.01 (ext)
a0 0.037 ± 0.009 (stat)± 0.001 (ext)
a1 0.28 ± 0.26 (stat)± 0.08 (ext)
c1 0.0031± 0.0022 (stat)± 0.0006 (ext)

Already a few analyses 
sensitive to hadronic FF 
parameters

▸ Measurement of decay rate as a function of                        
aaaaa      , proxy for  q2 or recoil w (Ds(*) 
energy in the Bs  rest frame)

<latexit sha1_base64="lf6vyS9Huw8d1mcY4gXUVEvRcJc=">AAAB9HicdVDLSsNAFJ3UV62vqks3Q4tQF4akRtvuirpwWcE+oI1lMp20QycPZyaFEvodLnShiFv/w6070Y9x2iio6IELh3Pu5d57nJBRIQ3jVUvNzS8sLqWXMyura+sb2c2thggijkkdByzgLQcJwqhP6pJKRlohJ8hzGGk6w5Op3xwRLmjgX8hxSGwP9X3qUoykkuzTrriMCx0k5N7+pJvNG7p1UC5aBlTk0LIqpYSYFROaujFDvporvL+Vnm9q3exLpxfgyCO+xAwJ0TaNUNox4pJiRiaZTiRIiPAQ9UlbUR95RNjx7OgJ3FVKD7oBV+VLOFO/T8TIE2LsOarTQ3IgfntT8S+vHUm3bMfUDyNJfJwsciMGZQCnCcAe5QRLNlYEYU7VrRAPEEdYqpwyKoSvT+H/pFHUzSPdOldpHIMEabADcqAATFACVXAGaqAOMLgC1+AO3Gsj7VZ70B6T1pT2ObMNfkB7+gCQW5W5</latexit>

D(⇤)�
s<latexit sha1_base64="1FqeJnVBH3uqJUYJDtEqaYmjco8=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaRG2+5K3bisYB/QxjKZTtqhk0mYmQgl9CPcuFDErd/jzr9x+hBU9MCFwzn3cu89QcKZ0o7zYa2srq1vbOa28ts7u3v7hYPDlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8dXMb99TqVgsbvUkoX6Eh4KFjGBtpHa9r+4yZ9ovFB3bO6+UPAcZcuF51fKCuFUXubYzRxGWaPQL771BTNKICk04VqrrOon2Myw1I5xO871U0QSTMR7SrqECR1T52fzcKTo1ygCFsTQlNJqr3ycyHCk1iQLTGWE9Ur+9mfiX1011WPEzJpJUU0EWi8KUIx2j2e9owCQlmk8MwUQycysiIywx0SahvAnh61P0P2mVbPfS9m68Yq2+jCMHx3ACZ+BCGWpwDQ1oAoExPMATPFuJ9Wi9WK+L1hVrOXMEP2C9fQJ6rI+x</latexit>
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<latexit sha1_base64="5lTAmd/jfwKCUpeAklgjTXcahzY=">AAAB+3icdVBNT8JAEN3iF+JXxaOXDcQEYyQtVoEbUQ8eMREhAWy2ywIbtu1md2skTf+FZy8eNMarf8Qb/8YFNFGjL5nk5b2ZzMzzOKNSWdbESC0sLi2vpFcza+sbm1vmdvZahpHApIFDFoqWhyRhNCANRRUjLS4I8j1Gmt7obOo3b4mQNAyu1JiTro8GAe1TjJSWXDPL3bjDieBJ4dyVN/Fhsu+aeavoHFVKjgU1OXacanlO7KoN7aI1Q76W6xzcT2rjumu+d3ohjnwSKMyQlG3b4qobI6EoZiTJdCJJOMIjNCBtTQPkE9mNZ7cncE8rPdgPha5AwZn6fSJGvpRj39OdPlJD+dubin957Uj1K92YBjxSJMDzRf2IQRXCaRCwRwXBio01QVhQfSvEQyQQVjqujA7h61P4P7kuFe2TonOp0zgFc6TBLsiBArBBGdTABaiDBsDgDjyAJ/BsJMaj8WK8zltTxufMDvgB4+0DKeqXhQ==</latexit>
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More details in Ricardo’s talk 

https://arxiv.org/abs/2003.08453
https://arxiv.org/abs/2001.03225
https://arxiv.org/pdf/2302.02886.pdf
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Expanding differential measurements

⌧(! µ⌫⌫)
<latexit sha1_base64="bbvuQi14V/gFsPlAnp84pGi+qDE=">AAAB/3icbVDLSsNAFJ34rPVVFdy4GSxC3YSkBm13RTcuK9gHNKFMppN26GQSZiZCiV34K25cKOLW33Dn3zhpo/g6cOFwzr3ce48fMyqVZb0bC4tLyyurhbXi+sbm1nZpZ7cto0Rg0sIRi0TXR5IwyklLUcVINxYEhT4jHX98kfmdGyIkjfi1msTEC9GQ04BipLTUL+27CiWw4qoIumECXT6r436pbJvWDNAyq07Nceqa5MqnVQY5mv3SmzuIcBISrjBDUvZsK1ZeioSimJFp0U0kiREeoyHpacpRSKSXzu6fwiOtDGAQCV1cwZn6fSJFoZST0NedIVIj+dvLxP+8XqKCmpdSHieKcDxfFCQM6m+zMOCACoIVm2iCsKD6VohHSCCsdGRFHYJl1jOcfr38l7Srpn1iOldOuXGex1EAB+AQVIANzkADXIImaAEMbsE9eARPxp3xYDwbL/PWBSOf2QM/YLx+AJFxlVE=</latexit>

<latexit sha1_base64="OLKJ0Qs28jpAweOlr6WmwBdeIkE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnRmEByhL3NXrJkd+/YnRNCyE+wsVDE1l9k579xk1yhiQ8GHu/NMDMvSqWw6PvfXmFldW19o7hZ2tre2d0r7x882iQzjDdYIhPTiqjlUmjeQIGSt1LDqYokb0bDm6nffOLGikQ/4CjloaJ9LWLBKDrpvqOybrniV/0ZyDIJclKBHPVu+avTS1imuEYmqbXtwE8xHFODgkk+KXUyy1PKhrTP245qqrgNx7NTJ+TEKT0SJ8aVRjJTf0+MqbJ2pCLXqSgO7KI3Ff/z2hnGV+FY6DRDrtl8UZxJggmZ/k16wnCGcuQIZUa4WwkbUEMZunRKLoRg8eVl8nhWDS6qwd15pXadx1GEIziGUwjgEmpwC3VoAIM+PMMrvHnSe/HevY95a8HLZw7hD7zPH19Wjdw=</latexit>µLHCb Simulation

LHCb Simulation LHCb Simulation

Resolutions to be modelled, 
but good sensitivity with 
large datasets!

<latexit sha1_base64="yG6wwdZMs1TP7tIkKMm5hIveJcc=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaUDbbabt0s4m7k0IJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZemEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVHBo8lrFuh8yAFAoaKFBCO9HAolBCKxzdzfzWGLQRsXrESQJBxAZK9AVnaKXAxyEg62Y+SDntlitu1Z2DrhIvJxWSo94tf/m9mKcRKOSSGdPx3ASDjGkUXMK05KcGEsZHbAAdSxWLwATZ/OgpPbNKj/ZjbUshnau/JzIWGTOJQtsZMRyaZW8m/ud1UuzfBJlQSYqg+GJRP5UUYzpLgPaEBo5yYgnjWthbKR8yzTjanEo2BG/55VXSvKh6V1Xv4bJSu83jKJITckrOiUeuSY3ckzppEE6eyDN5JW/O2Hlx3p2PRWvByWeOyR84nz82V5Jk</latexit>

✓`

<latexit sha1_base64="OtFut2t1oeeBbCZBcPqXrEbV6x4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBP0IzqSPOSMmlzqoxCDas2tu3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz+a0zcmaVIQljZUsaMld/T2Q00noaBbYzomasl71c/M/rpSa88TMuk9SgZItFYSqIiUn+OBlyhcyIqSWUKW5vJWxMFWXGxlOxIXjLL6+S9kXdu6p7D5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kTOi/PufCxaS04xcwx/4Hz+AA9ejkE=</latexit>

`

LHCB-PUB-2018-009, arXiv:1808.08865

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

▸ Fully differential decay rate - in q^2 (or w) and helicity angles
▸ Resolutions (worst case: rest frame approximation)

https://arxiv.org/abs/1808.08865
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Expanding differential measurements
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LHCb Simulation LHCb Simulation

▸                           decays
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B0 ! D⇤µ⌫

▸ Solution of quadratic equation (solid) compared to 
B rest frame approximation (dashed)

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

Let’s start from the muons, 
considerably easier test 
bench for the analyses 
(kinematic constraints, 
backgrounds, statistics)
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Expanding differential measurements

▸ Full description using the possible three helicity states of the D* - measuring the angular 
coefficients does not separate hadronic and NP effects, but also doesn’t make assumptions
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✓`

<latexit sha1_base64="OtFut2t1oeeBbCZBcPqXrEbV6x4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbt0swm7G6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByl/udJ1Sax/LRTBP0IzqSPOSMmlzqoxCDas2tu3OQVeIVpAYFmoPqV38YszRCaZigWvc8NzF+RpXhTOCs0k81JpRN6Ah7lkoaofaz+a0zcmaVIQljZUsaMld/T2Q00noaBbYzomasl71c/M/rpSa88TMuk9SgZItFYSqIiUn+OBlyhcyIqSWUKW5vJWxMFWXGxlOxIXjLL6+S9kXdu6p7D5e1xm0RRxlO4BTOwYNraMA9NKEFDMbwDK/w5kTOi/PufCxaS04xcwx/4Hz+AA9ejkE=</latexit>

`

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

i Hi(w)
ki(✓µ, ✓D,�)

D
⇤
! D� D

⇤
! D⇡

0

1 H
2
+

1
2 (1 + cos2 ✓D)(1� cos ✓µ)2 sin2 ✓D(1� cos ✓µ)2

2 H
2
�

1
2 (1 + cos2 ✓D)(1 + cos ✓µ)2 sin2 ✓D(1 + cos ✓µ)2

3 H
2
0 2 sin2 ✓D sin2 ✓µ 4 cos2 ✓D sin2 ✓µ

4 H+H� sin2 ✓D sin2 ✓µ cos 2� �2 sin2 ✓D sin2 ✓µ cos 2�
5 H+H0 sin 2✓D sin ✓µ(1� cos ✓µ) cos� �2 sin 2✓D sin ✓µ(1� cos ✓µ) cos�
6 H�H0 � sin 2✓D sin ✓µ(1 + cos ✓µ) cos� 2 sin 2✓D sin ✓µ(1 + cos ✓µ) cos�

▸ Fully differential decay rate
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▸ Helicity angles (and derived observables) are 
sensitive to New Physics contributions and 
hadronic interactions (Form Factors)

▸ Measuring the 12 angular coefficients (integrating in q^2) currently pursued for B→D*lν…

https://arxiv.org/abs/2001.03225
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Angular coefficients and CP violating observables
Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

dΓ(B → D*ℓν)
dwdcosθℓdcosθddχ

= (Peven + Podd)

▸                      in SM, but can have non-zero terms in NP:Podd ≡ 0

Right-handed vector
Interference of pseudo scalar and tensor currents

▸ Express sinχ using the momenta of reconstructible decay 
products and B momentum estimate for quadratic eq.

▸ sinχ is P-odd and can be used as per-event weight to 
cancel out the P-even contribution in data

Im(gR) = 0.1

sinχ = S1 ⋅ ( ⃗p π, ⃗p μ, ⃗p D) + S2 ⋅ ( ⃗p B, ⃗p μ, ⃗p D) + S3 ⋅ ( ⃗p π, ⃗p B, ⃗p D) + S4 ⋅ ( ⃗p π, ⃗p μ, ⃗p B)

V. Dedu and A. Poluektov, arXiv:2304.00966

https://arxiv.org/abs/2304.00966
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Angular coefficients and CP violating observables
Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

dΓ(B → D*ℓν)
dwdcosθℓdcosθddχ

= (Peven + Podd)
Im(gR) = 0.1

▸ Statistical sensitivity with 
Run1+2                           
sample :~1%  for Im(gR), 
0.1% Im(gPgT*)

<latexit sha1_base64="T4GZ01y4osiDO8+eCGKWxxFBpbQ=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KqkbRpdlurCZQX7gCYtk+mkHTqZhJmJUEI2/oobF4q49TPc+TdOH4KKHhg4nHMvd87xY0alsqwPI7eyura+kd8sbG3v7O6Z+wdtGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fiTy5nfuSNC0ojfqmlMvBCNOA0oRkpLA/Oo0U+tzFURvOqnLpIqc8PE5cnALFol23aqlQrUxKk4NXtBqnYNlkvWHEWwRHNgvrvDCCch4QozJGWvbMXKS5FQFDOSFdxEkhjhCRqRnqYchUR66TxABk+1MoRBJPTjCs7V7xspCqWchr6eDJEay9/eTPzL6yUquPBSyuNEEY4Xh4KEQZ131gYcUkGwYlNNEBZU/xXiMRIIK91ZQZfwlRT+T9qVUtkp2Td2sd5Y1pEHx+AEnIEyOAd1cA2aoAUwyMADeALPxr3xaLwYr4vRnLHcOQQ/YLx9AhXklsQ=</latexit>

B0 ! D⇤µ⌫

▸ Dedicated analysis 
optimised for CPV 
observables

▸ A number of possible 
systematic uncertainties 
estimated: double-charm 
and D** backgrounds, 
detection asymmetry and 
detector misalignment

VELO misalignment Ty = 10μm

More in Anton’s talk

V. Dedu and A. Poluektov, arXiv:2304.00966

https://arxiv.org/abs/2304.00966
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EFT: Modelling New Physics (and hadronic) effects

quark, e.g. b charged lepton

neutrino

⌧ , µ
<latexit sha1_base64="mD9jefNXepPkgZq4DKd0gcZSZrE="></latexit>

lighter quark, e.g. c

<latexit sha1_base64="d/yfdSXGzvIgoLW7CvRe7dTVjgw="></latexit>

Heff =
GFp
2
Vcb

X

i

CiOi

▸ HAMMER tool (F. Bernlochner, S. Duell, Z. Ligeti, M. 
Papucci, D. Robinson, Eur. Phys. J. C 80, 883 (2020) ) 
to re-weight MC events and obtain “dynamic” 
templates, (for-)folding in the experimental resolution 

▸ Extract Wilson Coefficients and hadronic Form Factor 
parameters from a fit to data (JINST 17 T04006)
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Constant  3.26± 83.16 
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Sigma     0.0211± 0.9282 
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Ci = CSM
i + CNP

i

Wilson coefficients

Effective operators

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

▸ What if we want to tell apart all possible NP contributions(s)

More in Patrick’s talk

https://gitlab.com/mpapucci/Hammer
https://link.springer.com/article/10.1140/epjc/s10052-020-8304-0
https://arxiv.org/abs/2007.12605
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B0 ! D(⇤)µ⌫
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Re(VqRlL) = {�0.5,�0.2,�0.1, 0.0, 0.1, 0.2, 0.5}

LHCb Simulation LHCb Simulation

LHCb SimulationLHCb Simulation

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

https://hammer.physics.lbl.gov/HammerManual.pdf
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▸ Measure angular coefficients (depend on 
amplitudes - q   dependence) which relate to 
the Wilson Coefficients

▸ Measure directly Wilson Coefficients

▸ Different strategies considered:

2

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

Ongoing angular analyses

▸ CP-violating observables

https://hammer.physics.lbl.gov/HammerManual.pdf
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An angular analysis of 
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B0 ! D(⇤)µ⌫
▸ Extract directly Wilson Coefficients and FF parameters from fit to data

▸ Shape analysis only - no attempt to measure             , lose sensitivity to yield changes
<latexit sha1_base64="xg0PFonHYkZHvzou4/bhbuO21PU=">AAAB73icdVDLSsNAFL2pr1pfVZduBovgKiRpGl0W3bisYGuhDWUynbRDJw9nJkJJ+xNuXCji1t9x5984fQgqeuDC4Zx7ufeeIOVMKsv6MAorq2vrG8XN0tb2zu5eef+gJZNMENokCU9EO8CSchbTpmKK03YqKI4CTm+D0eXMv72nQrIkvlHjlPoRHsQsZAQrLbUnrV5OgumkV65Yput6VcdBmniOV3MXpOrWkG1ac1RgiUav/N7tJySLaKwIx1J2bCtVfo6FYoTTaambSZpiMsID2tE0xhGVfj6/d4pOtNJHYSJ0xQrN1e8TOY6kHEeB7oywGsrf3kz8y+tkKjz3cxanmaIxWSwKM45UgmbPoz4TlCg+1gQTwfStiAyxwETpiEo6hK9P0f+k5Zi2Z7rXbqV+sYyjCEdwDKdgwxnU4Qoa0AQCHB7gCZ6NO+PReDFeF60FYzlzCD9gvH0C1mqQhQ==</latexit>

|Vcb|
▸ To be considered also as benchmark study/measurement 
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An angular analysis of 
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B0 ! D(⇤)µ⌫
▸ Extract directly Wilson Coefficients and FF parameters from fit to data

▸ Shape analysis only - no attempt to measure             , lose sensitivity to yield changes
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|Vcb|
▸ To be considered also as benchmark study/measurement 

▸  B→D**μν description using BLR parametrisation (arxiv:1711.03110, Phys. Rev. D 95, 
014022 (2017)) and parameter values from R(D) vs R(D*)

▸ Despite the small contribution, care needed to choose 
B→D*𝞃ν  model (and evaluating impact of the choice)

▸ Data-driven techniques when possible (background from mis-
identified particles, random track combinations)

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

https://arxiv.org/pdf/1711.03110.pdf
https://arxiv.org/abs/1606.09300
https://arxiv.org/abs/1606.09300
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Hadronic Form Factors with full angular analysis

Parameter with Run1 dataset 
statisticsΔR1 1.5E-02

ΔR2 1.3E-02
ΔR0 1,7E-01
Δ⍴^2 1.8E-02

Expected sensitivity (stat)

▸ SM fits: using CLN (Nuclear Physics B 530 (1998) 153-181) , BGL (Phys.Rev. D56 
(1997) 6895-6911) and BLPR parametrisations

Parameter with Run1 dataset statistics
Δa0 6E-05
Δa1 5E-03
Δa2 8E-02
Δb1 6E-04
Δb2 1E-02
Δc1 8E-05
Δc2 1E-03
Δd0 1E-02
Δd1 3E-01

▸ Statistical precision comparable 
(Run1 only) to latest B-factory 
measurements (Phys. Rev. D 100, 
052007 (2019), Phys. Rev. Lett. 123, 
091801 (2019)), and increased (as 
expected) wrt LHCb R(D*) 
measurement on same dataset

Expected sensitivity (stat)

CLN

BGL

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

CERN-THESIS-2022-105
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https://www.sciencedirect.com/science/article/pii/S0550321398003502?via%3Dihub
https://arxiv.org/abs/hep-ph/9705252
https://arxiv.org/abs/hep-ph/9705252
https://arxiv.org/abs/1809.03290
https://arxiv.org/abs/1809.03290
https://arxiv.org/abs/1903.10002
https://arxiv.org/abs/1903.10002
https://cds.cern.ch/record/2824477
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▸ Using BLPR parametrisation for New Physics (and possibly SM) fits

▸ Incorporates HQET predictions that relate the FFs for NP matrix elements to the SM ones

▸ Calculations by F. Bernlochner et. al. Phys. Rev. D 95, 115008 (2017) , using both the 
leading and          xxxxxxxx  sub-leading Isgur-Wise function - starting values for fit 
parameters from fit in Phys. Rev. D 95, 115008 (2017) without any experimental inputs

<latexit sha1_base64="Lj+kbhgOZb8TcqZh8OrgDfnqOsY="></latexit>

O(⇤QCD/mb)

Parameter Starting value with Run1 dataset statistics

1.24+/-0.08 O(0.1)

-0.06+/-0.02 O(0.1)

0.0+/-0.02 0.3

0.05+/-0.02 0.9*

0.30+/-0.04 0.1

-0.05+/-0.10 0.5

75
<latexit sha1_base64="FRJ0zWrIvgBESEpM9eGgzd6MG4Q=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZKYRpdFNy4r2LTQhjKZTtqxk5kwMxFK6D+4caGIW//HnX/j9CGo6IELh3Pu5d574oxRpR3nwyqtrK6tb5Q3K1vbO7t71f2DUIlcYtLCggnZiZEijHLS0lQz0skkQWnMSDseX8389j2Rigp+qycZiVI05DShGGkjhWG/8Jxpv1pzbN8PzjwPGhJ4Qd1fkDO/Dl3bmaMGlmj2q++9gcB5SrjGDCnVdZ1MRwWSmmJGppVerkiG8BgNSddQjlKiomJ+7RSeGGUAEyFNcQ3n6veJAqVKTdLYdKZIj9Rvbyb+5XVznVxEBeVZrgnHi0VJzqAWcPY6HFBJsGYTQxCW1NwK8QhJhLUJqGJC+PoU/k9Cz3YD27/xa43LZRxlcASOwSlwwTlogGvQBC2AwR14AE/g2RLWo/VivS5aS9Zy5hD8gPX2CXgYjxY=</latexit>

V20

<latexit sha1_base64="u4rsWa2n891QPv+pPxppcqMmDkk=">AAAB7nicdVDLSsNAFL2pr1pfVZduBotQNyFJ0+iy6MZlBfuANpTJdNIOnTyYmQgl9CPcuFDErd/jzr9x+hBU9MCFwzn3cu89QcqZVJb1YRTW1jc2t4rbpZ3dvf2D8uFRWyaZILRFEp6IboAl5SymLcUUp91UUBwFnHaCyfXc79xTIVkS36lpSv0Ij2IWMoKVljp9qnDVPh+UK5bpul7NcZAmnuPV3SWpuXVkm9YCFVihOSi/94cJySIaK8KxlD3bSpWfY6EY4XRW6meSpphM8Ij2NI1xRKWfL86doTOtDFGYCF2xQgv1+0SOIymnUaA7I6zG8rc3F//yepkKL/2cxWmmaEyWi8KMI5Wg+e9oyAQlik81wUQwfSsiYywwUTqhkg7h61P0P2k7pu2Z7q1baVyt4ijCCZxCFWy4gAbcQBNaQGACD/AEz0ZqPBovxuuytWCsZo7hB4y3T60Qjyk=</latexit>

⌘(1)
<latexit sha1_base64="+xWcvFMSXojbTH6Bvm7mLL+wN8o=">AAAB73icdVDJSgNBEO2JW4xb1KOXxiDGyzAzmYweg148RjALJEPo6dQkTXoWu3uEEPITXjwo4tXf8ebf2FkEFX1Q8Hiviqp6QcqZVJb1YeRWVtfWN/Kbha3tnd294v5BUyaZoNCgCU9EOyASOIuhoZji0E4FkCjg0ApGVzO/dQ9CsiS+VeMU/IgMYhYySpSW2l1Q5LRsn/WKJct0Xa/iOFgTz/Gq7oJU3Cq2TWuOElqi3iu+d/sJzSKIFeVEyo5tpcqfEKEY5TAtdDMJKaEjMoCOpjGJQPqT+b1TfKKVPg4ToStWeK5+n5iQSMpxFOjOiKih/O3NxL+8TqbCC3/C4jRTENPFojDjWCV49jzuMwFU8bEmhAqmb8V0SAShSkdU0CF8fYr/J03HtD3TvXFLtctlHHl0hI5RGdnoHNXQNaqjBqKIowf0hJ6NO+PReDFeF605YzlziH7AePsEDzaPWg==</latexit>

⌘0(1)

<latexit sha1_base64="fRsub90D9eh1Zx3zCpUy26sSAO4=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSxC3YQkTaPLohuXFewDmhAm00k7dPJgZiLU0C9x40IRt36KO//G6UNQ0QMXDufcy733hBmjQprmh1ZaW9/Y3CpvV3Z29/ar+sFhV6Q5x6SDU5byfogEYTQhHUklI/2MExSHjPTCydXc790RLmia3MppRvwYjRIaUYykkgK96o2RLDw8poE9q1tngV4zDcdxG7YNFXFtt+ksScNpQsswF6iBFdqB/u4NU5zHJJGYISEGlplJv0BcUszIrOLlgmQIT9CIDBRNUEyEXywOn8FTpQxhlHJViYQL9ftEgWIhpnGoOmMkx+K3Nxf/8ga5jC78giZZLkmCl4uinEGZwnkKcEg5wZJNFUGYU3UrxGPEEZYqq4oK4etT+D/p2oblGs6NU2tdruIog2NwAurAAuegBa5BG3QABjl4AE/gWbvXHrUX7XXZWtJWM0fgB7S3TySkksY=</latexit>

�̂2(1)
<latexit sha1_base64="49oEwS84g2+pRkABv3LWUhzpYC4=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0Wsm5CkaXRZdOOygn1AE8JkOmmHTh7MTAol9E/cuFDErX/izr9x+hBU9MCFwzn3cu89YcaokKb5oZXW1jc2t8rblZ3dvf0D/fCoI9KcY9LGKUt5L0SCMJqQtqSSkV7GCYpDRrrh+GbudyeEC5om93KaET9Gw4RGFCOppEDXvRGShYdHNLBn5zXrItCrpuE4bt22oSKu7TacJak7DWgZ5gJVsEIr0N+9QYrzmCQSMyRE3zIz6ReIS4oZmVW8XJAM4TEakr6iCYqJ8IvF5TN4ppQBjFKuKpFwoX6fKFAsxDQOVWeM5Ej89ubiX14/l9GVX9AkyyVJ8HJRlDMoUziPAQ4oJ1iyqSIIc6puhXiEOMJShVVRIXx9Cv8nHduwXMO5c6rN61UcZXACTkENWOASNMEtaIE2wGACHsATeNYK7VF70V6XrSVtNXMMfkB7+wSKBpL3</latexit>

�̂2
0(1)

<latexit sha1_base64="VT8nIqxtgB/A+D/jfylh64JwfsY=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0Wsm5CkaXRZdOOygn1AE8JkOmmHTh7MTAol9E/cuFDErX/izr9x+hBU9MCFwzn3cu89YcaokKb5oZXW1jc2t8rblZ3dvf0D/fCoI9KcY9LGKUt5L0SCMJqQtqSSkV7GCYpDRrrh+GbudyeEC5om93KaET9Gw4RGFCOppEDXvRGShYdHNKjPzmvWRaBXTcNx3LptQ0Vc2204S1J3GtAyzAWqYIVWoL97gxTnMUkkZkiIvmVm0i8QlxQzMqt4uSAZwmM0JH1FExQT4ReLy2fwTCkDGKVcVSLhQv0+UaBYiGkcqs4YyZH47c3Fv7x+LqMrv6BJlkuS4OWiKGdQpnAeAxxQTrBkU0UQ5lTdCvEIcYSlCquiQvj6FP5POrZhuYZz51Sb16s4yuAEnIIasMAlaIJb0AJtgMEEPIAn8KwV2qP2or0uW0vaauYY/ID29gmLj5L4</latexit>

�̂3
0(1)

<latexit sha1_base64="gNEI+aq4CDra+bN3bFK2gAfnYnU=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBFchSRNo8uiG5cV7AOaGCbTSTt08mBmIoRQf8WNC0Xc+iHu/BunD0FFD1w4nHMv994TZowKaZof2srq2vrGZmWrur2zu7evHxx2RZpzTDo4ZSnvh0gQRhPSkVQy0s84QXHISC+cXM783h3hgqbJjSwy4sdolNCIYiSVFOg1L0S89Pg4nQalh4Sc3tqBXjcNx3Ebtg0VcW236SxIw2lCyzDnqIMl2oH+7g1TnMckkZghIQaWmUm/RFxSzMi06uWCZAhP0IgMFE1QTIRfzo+fwhOlDGGUclWJhHP1+0SJYiGKOFSdMZJj8dubiX95g1xG535JkyyXJMGLRVHOoEzhLAk4pJxgyQpFEOZU3QrxGHGEpcqrqkL4+hT+T7q2YbmGc+3UWxfLOCrgCByDU2CBM9ACV6ANOgCDAjyAJ/Cs3WuP2ov2umhd0ZYzNfAD2tsnqKSVcw==</latexit>

⇢̄2⇤

* large correlation between Δ𝛘3 and Δ⍴^2 
* changes depending on NP scenario 

Expected sensitivity (stat)*
▸ Intended approach (at least from 

HAMMER) was SM fit to B→D*μν 
and use FF HQET parameters as 
input for NP fit to B→D*𝞃ν 

▸ High statistics B→D*μν analysis 
still useful - need for BGL and/
or also some more general 
parametrisation (in HAMMER 
would be great!) 

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

Hadronic Form Factors with full angular analysis

CERN-THESIS-2022-105

𝒪(102)

https://arxiv.org/pdf/1703.05330.pdf
https://arxiv.org/pdf/1703.05330.pdf
https://cds.cern.ch/record/2824477


24

New Physics Wilson Coefficients
▸ Ideally no assumption about the NP structure (Eur. Phys. J. C 80, 883 (2020))

▸ In practice easier searches for specific NP models (e.g. Bhattacharya et. al. JHEP 05 (2019) 
191)

▸ Studied different NP scenarios (plan to report fit results for each)

VqRlL VqLlL SqRlL 
(SqLlL)

TqLlL 


VqRlL

VqLlL

SqRlL

(SqLlL)

TqLlL

VqRlL+VqLlL+

SqRlL+ TqLlL

Expected  (stat - 
Run1) uncertainty 
on WC

WC floating in fit
<latexit sha1_base64="xKrWnBmxVSvt1wp918T3eF197/s=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw8wwfSyLbnRXwT6gM5RMmmlDk8yQZIQy9DfcuFDErT/jzr8x01ZQ0QOBwzn3ck9OlDKqtON8WGvrG5tb26Wd8u7e/sFh5ei4q5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vSr83j2RiibiTs9SEnI0FjSmGGkjBQFHeoIRy2/mfFipOrbve16jDg2pNWsNd0m8ug9d21mgClZoDyvvwSjBGSdCY4aUGrhOqsMcSU0xI/NykCmSIjxFYzIwVCBOVJgvMs/huVFGME6keULDhfp9I0dcqRmPzGSRUf32CvEvb5DpuBnmVKSZJgIvD8UZgzqBRQFwRCXBms0MQVhSkxXiCZIIa1NT2ZTw9VP4P+l6tlu3/Vu/2rpc1VECp+AMXAAXNEALXIM26AAMUvAAnsCzlVmP1ov1uhxds1Y7J+AHrLdPx4KSMw==</latexit>Im

<latexit sha1_base64="wnhukCstB95jVbotvC5RPQTKoes=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQhLSx7LoxmUV+4AmlMn0ph06eTAzEUrob7hxoYhbf8adf+OkraCiBwYO59zLPXOClDOpLOvDWFvf2NzaLu2Ud/f2Dw4rR8ddmWSCQocmPBH9gEjgLIaOYopDPxVAooBDL5heFX7vHoRkSXynZin4ERnHLGSUKC15XkTUhBKe385hWKlapus6TqOONak1aw17SZy6i23TWqCKVmgPK+/eKKFZBLGinEg5sK1U+TkRilEO87KXSUgJnZIxDDSNSQTSzxeZ5/hcKyMcJkK/WOGF+n0jJ5GUsyjQk0VG+dsrxL+8QabCpp+zOM0UxHR5KMw4VgkuCsAjJoAqPtOEUMF0VkwnRBCqdE1lXcLXT/H/pOuYdt10b9xq63JVRwmdojN0gWzUQC10jdqogyhK0QN6Qs9GZjwaL8brcnTNWO2coB8w3j4ByRiSNA==</latexit>

Re

<latexit sha1_base64="xKrWnBmxVSvt1wp918T3eF197/s=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw8wwfSyLbnRXwT6gM5RMmmlDk8yQZIQy9DfcuFDErT/jzr8x01ZQ0QOBwzn3ck9OlDKqtON8WGvrG5tb26Wd8u7e/sFh5ei4q5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vSr83j2RiibiTs9SEnI0FjSmGGkjBQFHeoIRy2/mfFipOrbve16jDg2pNWsNd0m8ug9d21mgClZoDyvvwSjBGSdCY4aUGrhOqsMcSU0xI/NykCmSIjxFYzIwVCBOVJgvMs/huVFGME6keULDhfp9I0dcqRmPzGSRUf32CvEvb5DpuBnmVKSZJgIvD8UZgzqBRQFwRCXBms0MQVhSkxXiCZIIa1NT2ZTw9VP4P+l6tlu3/Vu/2rpc1VECp+AMXAAXNEALXIM26AAMUvAAnsCzlVmP1ov1uhxds1Y7J+AHrLdPx4KSMw==</latexit>Im

<latexit sha1_base64="xKrWnBmxVSvt1wp918T3eF197/s=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw8wwfSyLbnRXwT6gM5RMmmlDk8yQZIQy9DfcuFDErT/jzr8x01ZQ0QOBwzn3ck9OlDKqtON8WGvrG5tb26Wd8u7e/sFh5ei4q5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vSr83j2RiibiTs9SEnI0FjSmGGkjBQFHeoIRy2/mfFipOrbve16jDg2pNWsNd0m8ug9d21mgClZoDyvvwSjBGSdCY4aUGrhOqsMcSU0xI/NykCmSIjxFYzIwVCBOVJgvMs/huVFGME6keULDhfp9I0dcqRmPzGSRUf32CvEvb5DpuBnmVKSZJgIvD8UZgzqBRQFwRCXBms0MQVhSkxXiCZIIa1NT2ZTw9VP4P+l6tlu3/Vu/2rpc1VECp+AMXAAXNEALXIM26AAMUvAAnsCzlVmP1ov1uhxds1Y7J+AHrLdPx4KSMw==</latexit>Im

<latexit sha1_base64="xKrWnBmxVSvt1wp918T3eF197/s=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw8wwfSyLbnRXwT6gM5RMmmlDk8yQZIQy9DfcuFDErT/jzr8x01ZQ0QOBwzn3ck9OlDKqtON8WGvrG5tb26Wd8u7e/sFh5ei4q5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vSr83j2RiibiTs9SEnI0FjSmGGkjBQFHeoIRy2/mfFipOrbve16jDg2pNWsNd0m8ug9d21mgClZoDyvvwSjBGSdCY4aUGrhOqsMcSU0xI/NykCmSIjxFYzIwVCBOVJgvMs/huVFGME6keULDhfp9I0dcqRmPzGSRUf32CvEvb5DpuBnmVKSZJgIvD8UZgzqBRQFwRCXBms0MQVhSkxXiCZIIa1NT2ZTw9VP4P+l6tlu3/Vu/2rpc1VECp+AMXAAXNEALXIM26AAMUvAAnsCzlVmP1ov1uhxds1Y7J+AHrLdPx4KSMw==</latexit>Im

<latexit sha1_base64="xKrWnBmxVSvt1wp918T3eF197/s=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw8wwfSyLbnRXwT6gM5RMmmlDk8yQZIQy9DfcuFDErT/jzr8x01ZQ0QOBwzn3ck9OlDKqtON8WGvrG5tb26Wd8u7e/sFh5ei4q5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vSr83j2RiibiTs9SEnI0FjSmGGkjBQFHeoIRy2/mfFipOrbve16jDg2pNWsNd0m8ug9d21mgClZoDyvvwSjBGSdCY4aUGrhOqsMcSU0xI/NykCmSIjxFYzIwVCBOVJgvMs/huVFGME6keULDhfp9I0dcqRmPzGSRUf32CvEvb5DpuBnmVKSZJgIvD8UZgzqBRQFwRCXBms0MQVhSkxXiCZIIa1NT2ZTw9VP4P+l6tlu3/Vu/2rpc1VECp+AMXAAXNEALXIM26AAMUvAAnsCzlVmP1ov1uhxds1Y7J+AHrLdPx4KSMw==</latexit>Im <latexit sha1_base64="xKrWnBmxVSvt1wp918T3eF197/s=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw8wwfSyLbnRXwT6gM5RMmmlDk8yQZIQy9DfcuFDErT/jzr8x01ZQ0QOBwzn3ck9OlDKqtON8WGvrG5tb26Wd8u7e/sFh5ei4q5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vSr83j2RiibiTs9SEnI0FjSmGGkjBQFHeoIRy2/mfFipOrbve16jDg2pNWsNd0m8ug9d21mgClZoDyvvwSjBGSdCY4aUGrhOqsMcSU0xI/NykCmSIjxFYzIwVCBOVJgvMs/huVFGME6keULDhfp9I0dcqRmPzGSRUf32CvEvb5DpuBnmVKSZJgIvD8UZgzqBRQFwRCXBms0MQVhSkxXiCZIIa1NT2ZTw9VP4P+l6tlu3/Vu/2rpc1VECp+AMXAAXNEALXIM26AAMUvAAnsCzlVmP1ov1uhxds1Y7J+AHrLdPx4KSMw==</latexit>Im <latexit sha1_base64="xKrWnBmxVSvt1wp918T3eF197/s=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw8wwfSyLbnRXwT6gM5RMmmlDk8yQZIQy9DfcuFDErT/jzr8x01ZQ0QOBwzn3ck9OlDKqtON8WGvrG5tb26Wd8u7e/sFh5ei4q5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vSr83j2RiibiTs9SEnI0FjSmGGkjBQFHeoIRy2/mfFipOrbve16jDg2pNWsNd0m8ug9d21mgClZoDyvvwSjBGSdCY4aUGrhOqsMcSU0xI/NykCmSIjxFYzIwVCBOVJgvMs/huVFGME6keULDhfp9I0dcqRmPzGSRUf32CvEvb5DpuBnmVKSZJgIvD8UZgzqBRQFwRCXBms0MQVhSkxXiCZIIa1NT2ZTw9VP4P+l6tlu3/Vu/2rpc1VECp+AMXAAXNEALXIM26AAMUvAAnsCzlVmP1ov1uhxds1Y7J+AHrLdPx4KSMw==</latexit>Im <latexit sha1_base64="xKrWnBmxVSvt1wp918T3eF197/s=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw8wwfSyLbnRXwT6gM5RMmmlDk8yQZIQy9DfcuFDErT/jzr8x01ZQ0QOBwzn3ck9OlDKqtON8WGvrG5tb26Wd8u7e/sFh5ei4q5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vSr83j2RiibiTs9SEnI0FjSmGGkjBQFHeoIRy2/mfFipOrbve16jDg2pNWsNd0m8ug9d21mgClZoDyvvwSjBGSdCY4aUGrhOqsMcSU0xI/NykCmSIjxFYzIwVCBOVJgvMs/huVFGME6keULDhfp9I0dcqRmPzGSRUf32CvEvb5DpuBnmVKSZJgIvD8UZgzqBRQFwRCXBms0MQVhSkxXiCZIIa1NT2ZTw9VP4P+l6tlu3/Vu/2rpc1VECp+AMXAAXNEALXIM26AAMUvAAnsCzlVmP1ov1uhxds1Y7J+AHrLdPx4KSMw==</latexit>Im
<latexit sha1_base64="wnhukCstB95jVbotvC5RPQTKoes=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQhLSx7LoxmUV+4AmlMn0ph06eTAzEUrob7hxoYhbf8adf+OkraCiBwYO59zLPXOClDOpLOvDWFvf2NzaLu2Ud/f2Dw4rR8ddmWSCQocmPBH9gEjgLIaOYopDPxVAooBDL5heFX7vHoRkSXynZin4ERnHLGSUKC15XkTUhBKe385hWKlapus6TqOONak1aw17SZy6i23TWqCKVmgPK+/eKKFZBLGinEg5sK1U+TkRilEO87KXSUgJnZIxDDSNSQTSzxeZ5/hcKyMcJkK/WOGF+n0jJ5GUsyjQk0VG+dsrxL+8QabCpp+zOM0UxHR5KMw4VgkuCsAjJoAqPtOEUMF0VkwnRBCqdE1lXcLXT/H/pOuYdt10b9xq63JVRwmdojN0gWzUQC10jdqogyhK0QN6Qs9GZjwaL8brcnTNWO2coB8w3j4ByRiSNA==</latexit>

Re
<latexit sha1_base64="wnhukCstB95jVbotvC5RPQTKoes=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQhLSx7LoxmUV+4AmlMn0ph06eTAzEUrob7hxoYhbf8adf+OkraCiBwYO59zLPXOClDOpLOvDWFvf2NzaLu2Ud/f2Dw4rR8ddmWSCQocmPBH9gEjgLIaOYopDPxVAooBDL5heFX7vHoRkSXynZin4ERnHLGSUKC15XkTUhBKe385hWKlapus6TqOONak1aw17SZy6i23TWqCKVmgPK+/eKKFZBLGinEg5sK1U+TkRilEO87KXSUgJnZIxDDSNSQTSzxeZ5/hcKyMcJkK/WOGF+n0jJ5GUsyjQk0VG+dsrxL+8QabCpp+zOM0UxHR5KMw4VgkuCsAjJoAqPtOEUMF0VkwnRBCqdE1lXcLXT/H/pOuYdt10b9xq63JVRwmdojN0gWzUQC10jdqogyhK0QN6Qs9GZjwaL8brcnTNWO2coB8w3j4ByRiSNA==</latexit>

Re
<latexit sha1_base64="wnhukCstB95jVbotvC5RPQTKoes=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQhLSx7LoxmUV+4AmlMn0ph06eTAzEUrob7hxoYhbf8adf+OkraCiBwYO59zLPXOClDOpLOvDWFvf2NzaLu2Ud/f2Dw4rR8ddmWSCQocmPBH9gEjgLIaOYopDPxVAooBDL5heFX7vHoRkSXynZin4ERnHLGSUKC15XkTUhBKe385hWKlapus6TqOONak1aw17SZy6i23TWqCKVmgPK+/eKKFZBLGinEg5sK1U+TkRilEO87KXSUgJnZIxDDSNSQTSzxeZ5/hcKyMcJkK/WOGF+n0jJ5GUsyjQk0VG+dsrxL+8QabCpp+zOM0UxHR5KMw4VgkuCsAjJoAqPtOEUMF0VkwnRBCqdE1lXcLXT/H/pOuYdt10b9xq63JVRwmdojN0gWzUQC10jdqogyhK0QN6Qs9GZjwaL8brcnTNWO2coB8w3j4ByRiSNA==</latexit>

Re

<latexit sha1_base64="wnhukCstB95jVbotvC5RPQTKoes=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQhLSx7LoxmUV+4AmlMn0ph06eTAzEUrob7hxoYhbf8adf+OkraCiBwYO59zLPXOClDOpLOvDWFvf2NzaLu2Ud/f2Dw4rR8ddmWSCQocmPBH9gEjgLIaOYopDPxVAooBDL5heFX7vHoRkSXynZin4ERnHLGSUKC15XkTUhBKe385hWKlapus6TqOONak1aw17SZy6i23TWqCKVmgPK+/eKKFZBLGinEg5sK1U+TkRilEO87KXSUgJnZIxDDSNSQTSzxeZ5/hcKyMcJkK/WOGF+n0jJ5GUsyjQk0VG+dsrxL+8QabCpp+zOM0UxHR5KMw4VgkuCsAjJoAqPtOEUMF0VkwnRBCqdE1lXcLXT/H/pOuYdt10b9xq63JVRwmdojN0gWzUQC10jdqogyhK0QN6Qs9GZjwaL8brcnTNWO2coB8w3j4ByRiSNA==</latexit>
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Uncertainties increase, 
generally within same 
order of magnitude, 
fits less stable

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023
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𝒪(100)

https://link.springer.com/article/10.1140/epjc/s10052-020-8304-0
https://arxiv.org/abs/1903.02567
https://arxiv.org/abs/1903.02567
https://cds.cern.ch/record/2824477
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This proposalRun I+II+III

Toy

▸ Additional observables can be used to constrain NP contributions - while preparing/in 
addition to simultaneous R(D) vs R(D*) and angular analyses (e.g. longitudinal D* 
polarisation, measured by Belle                                                                                                   , …)

arXiv:1602.03030

<latexit sha1_base64="Ar1Ww+9/nxZBaUHtaRvTSbimQP4="></latexit>

FD⇤

L = 0.60± 0.08(stat)± 0.04(syst) arXiv:1903.03102

Becirevic et.al.

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

Well advanced: D* polarisation and angular coefficient analyses 

▸ Ideally shape + rate analysis, i.e. R(D) vs R(D*) determination simultaneous to WC

▸ Sensitivity studies need to include the full set of (at times poorly known) backgrounds

https://arxiv.org/abs/1602.03030
https://arxiv.org/abs/1903.03102
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B0 ! D(⇤)⌧⌫
▸ Ideally shape + rate analysis, i.e. R(D) vs R(D*) determination simultaneous to WC

▸ Sensitivity studies need to include the full set of (at times poorly known) backgrounds

▸ Better angular resolutions when using 3-prong hadronic tau decays 

D. Hill et.al., JHEP 11 (2019) 133

competitive 
with Belle-II 
(3-prong)

JHEP 06 (2021) 177

▸ Lower statistics than muonic decays samples, 
large backgrounds, external inputs needed for  
R(D), R(D*)
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Y = D⇤�⌧+ , estimated up to a two-fold ambiguity

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

https://arxiv.org/pdf/1908.04643.pdf
https://arxiv.org/pdf/2105.02596.pdf


27

Baryons:
Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023

Λ0
b → Λ+

c μ−ν̄

Phys. Rev. D96 (2017) 112005

▸ Measurement of the shape of the 
differential decay rate using Run-I dataset

▸ Low background level and smooth 
acceptance across decay variables

▸ Probing baryonic decays - different spin structure
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+µ�⌫µ 8569 ± 144
⇤c(2625)

+µ�⌫µ 22965 ± 266
⇤c(2765)

+µ�⌫µ 2975 ± 225
⇤c(2880)

+µ�⌫µ 1602 ± 95
⇤+

c µ
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https://arxiv.org/pdf/1709.01920.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034503
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M. Ferrillo et. al., JHEP 12 (2019) 148

Λ0
b → Λ+

c μ−ν̄Baryons:
▸ Study of the sensitivity with collected samples 

to Real NP Wilson Coefficients for decays with 
zero and non-zero Λb polarisation

▸ 2D Fits to q  and cosθµ for zero polarisation 
case

2

▸ Sensitivity compared to global fits to B→D(*)lν 
(M. Jung, D.M. Straub, JHEP 01 (2019) 009) 

https://arxiv.org/pdf/1909.04608.pdf
https://arxiv.org/abs/1801.01112
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Summary

▸ Angular analyses of SL decays are possible at LHCb …

▸ … with different challenges with respect to the B factories

▸ Started developing these analyses mainly from the semi-muonic decays

▸ More leptons, observables, b-hadrons and decay modes to come!

Open LHCb workshop on semileptonic exclusive b→c decays                      13/04/2023
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▸ First measurement of            using                                    
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▸ Measurement of decay rate as a function of                    , 
proxy for  q2 or recoil w (Ds(*) energy in the Bs rest frame)
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Parameter Value

|Vcb| [10�3] 42.3 ± 0.8 (stat)± 1.2 (ext)
G(0) 1.097 ± 0.034 (stat)± 0.001 (ext)
d1 �0.017 ± 0.007 (stat)± 0.001 (ext)
d2 �0.26 ± 0.05 (stat)± 0.00 (ext)
b1 �0.06 ± 0.07 (stat)± 0.01 (ext)
a0 0.037 ± 0.009 (stat)± 0.001 (ext)
a1 0.28 ± 0.26 (stat)± 0.08 (ext)
c1 0.0031± 0.0022 (stat)± 0.0006 (ext)
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https://arxiv.org/abs/2001.03225
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LHCb Simulation

▸ First measurement of            using                                    
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▸ Measurement of decay rate as a function of                    , 
proxy for  q2 or recoil w (Ds(*) energy in the Bs rest frame)
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