
New physics searches with angular 
analyses of b-hadron decays

1

Challenges of semileptonic b-hadron decays

Lucia Grillo
with input from Greg Ciezarek, Biljana Mitreska, Hasret Nur, 
Marcello Rotondo, and others

25 September 2024



Differential measurements of b-hadron decays 2

L. Grillo (UofG)                                         Challenges of SL b-hadron decays                                         25/09/2024

<latexit sha1_base64="f+nYcRuQsvD1QoD7UlPEmR4Ma+c="></latexit>

d4(B0
! D⇤`+⌫`)

dq2dcos2✓`dcos✓D⇤d�
/ |Vcb|

2
X

i

Hi(q
2)fi(✓`, ✓D⇤ ,�)

(Electroweak) couplings + QCD encompassed by Form Factors
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▸ Helicity angles distributions (and derived observables) are sensitive to New Physics 
contributions and hadronic interactions (Form Factors)

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

▸ Hadronic Form Factors measurements

▸ In this talk: latest results and ongoing                               studiesHb → Hcℓν

Sensitive to New Physics
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▸ Unconstrained kinematics 

▸ Constrained kinematics

▸ Cleaner environment

▸ Different background composition 
(hadron collision environment, partial 
reconstruction etc)

▸ Electrons as good as muons
▸ Unprecedentedly sized samples

▸ Full suite of hadron species available

▸ Larger boost

Focus on LHCb  B meson analyses 
(see Anna’s talk for baryons)
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▸ At LHCb muons are clearly easier (results with light leptons so far use muons)

▸ Partial reconstruction, but good options with just 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
▸ Used proxy variable(s) (e.g. 

Phys. Rev. D101 (2020) 072004)
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▸ Samples are signal dominated

▸ Fewer electrons than muons @LHCb with worse resolution,  but less noticeable with 
unconstrained kinematics
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▸ 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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Unfolded  efficiency corrected yields+ 
correlation matrix in the paper

Mcorr =
q
M2

Dµ + |p?|2 + |p?|

https://arxiv.org/abs/2003.08453
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▸ 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                                    
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▸ Measure rate relative to
▸ Requires external inputs for 
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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)
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B0 →D*−τ +ντ

π −

π +

π +

ντ

D0

B0

π −

p

PV

p

B0 →D*−τ +ντ
π −K +

τ +

Δz > 4σ Δz

ντ

ν −τ +D → B
ν −τ +*D → B

X cX +D → B
ν −τ/−µ **D → B

Comb + misID
ν −µ +D → B
ν −µ +*D → B

Tau leptons 7
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τ decay mode BR[%]

17.39±0.04
17.82±0.04
9.31±0.05
4.62±0.05
18.82±0.05
25.49±0.99

⌧ ! µ⌫⌫
<latexit sha1_base64="gag4poEQ8oWmq7c/8AKji0vPCtM=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBKuyKoGXQxjKCeUB2CbOTSTJkHss8hLCksvFXbCwUsfUb7PwbZ5MtNPHAhcM5996Ze5KUUW2C4NsrrayurW+UNytb2zu7e/7+QUtLqzBpYsmk6iRIE0YFaRpqGOmkiiCeMNJOxje5334gSlMp7s0kJTFHQ0EHFCPjpJ5/HBlkIyNhxC2MpGvNN2WRsFNXPb8a1IIZ4DIJC1IFBRo9/yvqS2w5EQYzpHU3DFITZ0gZihmZViKrSYrwGA1J11GBONFxNjtjCk+d0ocDqVwJA2fq74kMca0nPHGdHJmRXvRy8T+va83gKs6oSK0hAs8fGlgG3dl5JrBPFcGGTRxBWFH3V4hHSCFsXHIVF0K4ePIyaZ3XQsfvLqr16yKOMjgCJ+AMhOAS1MEtaIAmwOARPINX8OY9eS/eu/cxby15xcwh+APv8wfoTJlm</latexit><latexit sha1_base64="gag4poEQ8oWmq7c/8AKji0vPCtM=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBKuyKoGXQxjKCeUB2CbOTSTJkHss8hLCksvFXbCwUsfUb7PwbZ5MtNPHAhcM5996Ze5KUUW2C4NsrrayurW+UNytb2zu7e/7+QUtLqzBpYsmk6iRIE0YFaRpqGOmkiiCeMNJOxje5334gSlMp7s0kJTFHQ0EHFCPjpJ5/HBlkIyNhxC2MpGvNN2WRsFNXPb8a1IIZ4DIJC1IFBRo9/yvqS2w5EQYzpHU3DFITZ0gZihmZViKrSYrwGA1J11GBONFxNjtjCk+d0ocDqVwJA2fq74kMca0nPHGdHJmRXvRy8T+va83gKs6oSK0hAs8fGlgG3dl5JrBPFcGGTRxBWFH3V4hHSCFsXHIVF0K4ePIyaZ3XQsfvLqr16yKOMjgCJ+AMhOAS1MEtaIAmwOARPINX8OY9eS/eu/cxby15xcwh+APv8wfoTJlm</latexit><latexit sha1_base64="gag4poEQ8oWmq7c/8AKji0vPCtM=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBKuyKoGXQxjKCeUB2CbOTSTJkHss8hLCksvFXbCwUsfUb7PwbZ5MtNPHAhcM5996Ze5KUUW2C4NsrrayurW+UNytb2zu7e/7+QUtLqzBpYsmk6iRIE0YFaRpqGOmkiiCeMNJOxje5334gSlMp7s0kJTFHQ0EHFCPjpJ5/HBlkIyNhxC2MpGvNN2WRsFNXPb8a1IIZ4DIJC1IFBRo9/yvqS2w5EQYzpHU3DFITZ0gZihmZViKrSYrwGA1J11GBONFxNjtjCk+d0ocDqVwJA2fq74kMca0nPHGdHJmRXvRy8T+va83gKs6oSK0hAs8fGlgG3dl5JrBPFcGGTRxBWFH3V4hHSCFsXHIVF0K4ePIyaZ3XQsfvLqr16yKOMjgCJ+AMhOAS1MEtaIAmwOARPINX8OY9eS/eu/cxby15xcwh+APv8wfoTJlm</latexit><latexit sha1_base64="gag4poEQ8oWmq7c/8AKji0vPCtM=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBKuyKoGXQxjKCeUB2CbOTSTJkHss8hLCksvFXbCwUsfUb7PwbZ5MtNPHAhcM5996Ze5KUUW2C4NsrrayurW+UNytb2zu7e/7+QUtLqzBpYsmk6iRIE0YFaRpqGOmkiiCeMNJOxje5334gSlMp7s0kJTFHQ0EHFCPjpJ5/HBlkIyNhxC2MpGvNN2WRsFNXPb8a1IIZ4DIJC1IFBRo9/yvqS2w5EQYzpHU3DFITZ0gZihmZViKrSYrwGA1J11GBONFxNjtjCk+d0ocDqVwJA2fq74kMca0nPHGdHJmRXvRy8T+va83gKs6oSK0hAs8fGlgG3dl5JrBPFcGGTRxBWFH3V4hHSCFsXHIVF0K4ePIyaZ3XQsfvLqr16yKOMjgCJ+AMhOAS1MEtaIAmwOARPINX8OY9eS/eu/cxby15xcwh+APv8wfoTJlm</latexit>

⌧ ! e⌫⌫
<latexit sha1_base64="Xc6AfH5FBTD/LQ55NKk0NGxez3U=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0kxmSG6EMBTf+ihsXirj1J9z5N2baWWjrgQuHc+69yT1RKrgGz/t2Siura+sb5c3K1vbO7p67f9DSiVGUNWkiEtWJiGaCS9YEDoJ1UsVIHAnWjsY3ud9+YErzRN7DJGVhTIaSDzglYKWeexQAMQEkmAWJ7cvXZIE0U1s9t+rVvBnwMvELUkUFGj33K+gn1MRMAhVE667vpRBmRAGngk0rgdEsJXRMhqxrqSQx02E2u2GKT63Sx4NE2ZKAZ+rviYzEWk/iyHbGBEZ60cvF/7yugcFVmHGZGmCSzh8aGIHtzXkguM8VoyAmlhCquP0rpiOiCAUbW8WG4C+evExa5zXf8ruLav26iKOMjtEJOkM+ukR1dIsaqIkoekTP6BW9OU/Oi/PufMxbS04xc4j+wPn8AeMqmE8=</latexit><latexit sha1_base64="Xc6AfH5FBTD/LQ55NKk0NGxez3U=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0kxmSG6EMBTf+ihsXirj1J9z5N2baWWjrgQuHc+69yT1RKrgGz/t2Siura+sb5c3K1vbO7p67f9DSiVGUNWkiEtWJiGaCS9YEDoJ1UsVIHAnWjsY3ud9+YErzRN7DJGVhTIaSDzglYKWeexQAMQEkmAWJ7cvXZIE0U1s9t+rVvBnwMvELUkUFGj33K+gn1MRMAhVE667vpRBmRAGngk0rgdEsJXRMhqxrqSQx02E2u2GKT63Sx4NE2ZKAZ+rviYzEWk/iyHbGBEZ60cvF/7yugcFVmHGZGmCSzh8aGIHtzXkguM8VoyAmlhCquP0rpiOiCAUbW8WG4C+evExa5zXf8ruLav26iKOMjtEJOkM+ukR1dIsaqIkoekTP6BW9OU/Oi/PufMxbS04xc4j+wPn8AeMqmE8=</latexit><latexit sha1_base64="Xc6AfH5FBTD/LQ55NKk0NGxez3U=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0kxmSG6EMBTf+ihsXirj1J9z5N2baWWjrgQuHc+69yT1RKrgGz/t2Siura+sb5c3K1vbO7p67f9DSiVGUNWkiEtWJiGaCS9YEDoJ1UsVIHAnWjsY3ud9+YErzRN7DJGVhTIaSDzglYKWeexQAMQEkmAWJ7cvXZIE0U1s9t+rVvBnwMvELUkUFGj33K+gn1MRMAhVE667vpRBmRAGngk0rgdEsJXRMhqxrqSQx02E2u2GKT63Sx4NE2ZKAZ+rviYzEWk/iyHbGBEZ60cvF/7yugcFVmHGZGmCSzh8aGIHtzXkguM8VoyAmlhCquP0rpiOiCAUbW8WG4C+evExa5zXf8ruLav26iKOMjtEJOkM+ukR1dIsaqIkoekTP6BW9OU/Oi/PufMxbS04xc4j+wPn8AeMqmE8=</latexit><latexit sha1_base64="Xc6AfH5FBTD/LQ55NKk0NGxez3U=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkRQZdFNy4r2Ad0hpJJ0zY0kxmSG6EMBTf+ihsXirj1J9z5N2baWWjrgQuHc+69yT1RKrgGz/t2Siura+sb5c3K1vbO7p67f9DSiVGUNWkiEtWJiGaCS9YEDoJ1UsVIHAnWjsY3ud9+YErzRN7DJGVhTIaSDzglYKWeexQAMQEkmAWJ7cvXZIE0U1s9t+rVvBnwMvELUkUFGj33K+gn1MRMAhVE667vpRBmRAGngk0rgdEsJXRMhqxrqSQx02E2u2GKT63Sx4NE2ZKAZ+rviYzEWk/iyHbGBEZ60cvF/7yugcFVmHGZGmCSzh8aGIHtzXkguM8VoyAmlhCquP0rpiOiCAUbW8WG4C+evExa5zXf8ruLav26iKOMjtEJOkM+ukR1dIsaqIkoekTP6BW9OU/Oi/PufMxbS04xc4j+wPn8AeMqmE8=</latexit>

⌧ ! 3⇡⌫
<latexit sha1_base64="sgBYRcoS7zxMzduKyRtW4zp4SYM=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJVNBl0Y3LCvYCTSiT6aQdOpmEuQg19EncuFDErY/izrdx2mahrT8MfPznHOacP8o4U9rzvp3S2vrG5lZ5u7Kzu7dfdQ8O2yo1ktAWSXkquxFWlDNBW5ppTruZpDiJOO1E49tZvfNIpWKpeNCTjIYJHgoWM4K1tfpuNdDYBDpFF0HGAmH6bs2re3OhVfALqEGhZt/9CgYpMQkVmnCsVM/3Mh3mWGpGOJ1WAqNohskYD2nPosAJVWE+X3yKTq0zQHEq7RMazd3fEzlOlJokke1MsB6p5drM/K/WMzq+DnMmMqOpIIuPYsORPXSWAhowSYnmEwuYSGZ3RWSEJSbaZlWxIfjLJ69C+7zuW76/rDVuijjKcAwncAY+XEED7qAJLSBg4Ble4c15cl6cd+dj0Vpyipkj+CPn8wduNZLt</latexit><latexit sha1_base64="sgBYRcoS7zxMzduKyRtW4zp4SYM=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJVNBl0Y3LCvYCTSiT6aQdOpmEuQg19EncuFDErY/izrdx2mahrT8MfPznHOacP8o4U9rzvp3S2vrG5lZ5u7Kzu7dfdQ8O2yo1ktAWSXkquxFWlDNBW5ppTruZpDiJOO1E49tZvfNIpWKpeNCTjIYJHgoWM4K1tfpuNdDYBDpFF0HGAmH6bs2re3OhVfALqEGhZt/9CgYpMQkVmnCsVM/3Mh3mWGpGOJ1WAqNohskYD2nPosAJVWE+X3yKTq0zQHEq7RMazd3fEzlOlJokke1MsB6p5drM/K/WMzq+DnMmMqOpIIuPYsORPXSWAhowSYnmEwuYSGZ3RWSEJSbaZlWxIfjLJ69C+7zuW76/rDVuijjKcAwncAY+XEED7qAJLSBg4Ble4c15cl6cd+dj0Vpyipkj+CPn8wduNZLt</latexit><latexit sha1_base64="sgBYRcoS7zxMzduKyRtW4zp4SYM=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJVNBl0Y3LCvYCTSiT6aQdOpmEuQg19EncuFDErY/izrdx2mahrT8MfPznHOacP8o4U9rzvp3S2vrG5lZ5u7Kzu7dfdQ8O2yo1ktAWSXkquxFWlDNBW5ppTruZpDiJOO1E49tZvfNIpWKpeNCTjIYJHgoWM4K1tfpuNdDYBDpFF0HGAmH6bs2re3OhVfALqEGhZt/9CgYpMQkVmnCsVM/3Mh3mWGpGOJ1WAqNohskYD2nPosAJVWE+X3yKTq0zQHEq7RMazd3fEzlOlJokke1MsB6p5drM/K/WMzq+DnMmMqOpIIuPYsORPXSWAhowSYnmEwuYSGZ3RWSEJSbaZlWxIfjLJ69C+7zuW76/rDVuijjKcAwncAY+XEED7qAJLSBg4Ble4c15cl6cd+dj0Vpyipkj+CPn8wduNZLt</latexit><latexit sha1_base64="sgBYRcoS7zxMzduKyRtW4zp4SYM=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJVNBl0Y3LCvYCTSiT6aQdOpmEuQg19EncuFDErY/izrdx2mahrT8MfPznHOacP8o4U9rzvp3S2vrG5lZ5u7Kzu7dfdQ8O2yo1ktAWSXkquxFWlDNBW5ppTruZpDiJOO1E49tZvfNIpWKpeNCTjIYJHgoWM4K1tfpuNdDYBDpFF0HGAmH6bs2re3OhVfALqEGhZt/9CgYpMQkVmnCsVM/3Mh3mWGpGOJ1WAqNohskYD2nPosAJVWE+X3yKTq0zQHEq7RMazd3fEzlOlJokke1MsB6p5drM/K/WMzq+DnMmMqOpIIuPYsORPXSWAhowSYnmEwuYSGZ3RWSEJSbaZlWxIfjLJ69C+7zuW76/rDVuijjKcAwncAY+XEED7qAJLSBg4Ble4c15cl6cd+dj0Vpyipkj+CPn8wduNZLt</latexit>

⌧ ! 3⇡⇡0⌫
<latexit sha1_base64="/Sv1I4h28yWRK9u+UNDrVPR2q9Q=">AAACAHicbVC7SgNBFL3rM8bXqoWFzWAQrMKuCloGbSwjmAdk1zA7mSRDZmeXeQhh2cZfsbFQxNbPsPNvnCRbaOKBC4dz7mXmnCjlTGnP+3aWlldW19ZLG+XNre2dXXdvv6kSIwltkIQnsh1hRTkTtKGZ5rSdSorjiNNWNLqZ+K1HKhVLxL0epzSM8UCwPiNYW6nrHgYam0An6DxIGbLzkHl5IEzXrXhVbwq0SPyCVKBAvet+Bb2EmJgKTThWquN7qQ4zLDUjnOblwCiaYjLCA9qxVOCYqjCbBsjRiVV6qJ9IO0Kjqfr7IsOxUuM4spsx1kM1703E/7yO0f2rMGMiNZoKMnuobziygSdtoB6TlGg+tgQTyexfERliiYm2nZVtCf585EXSPKv6lt9dVGrXRR0lOIJjOAUfLqEGt1CHBhDI4Rle4c15cl6cd+djtrrkFDcH8AfO5w8gwJYY</latexit><latexit sha1_base64="/Sv1I4h28yWRK9u+UNDrVPR2q9Q=">AAACAHicbVC7SgNBFL3rM8bXqoWFzWAQrMKuCloGbSwjmAdk1zA7mSRDZmeXeQhh2cZfsbFQxNbPsPNvnCRbaOKBC4dz7mXmnCjlTGnP+3aWlldW19ZLG+XNre2dXXdvv6kSIwltkIQnsh1hRTkTtKGZ5rSdSorjiNNWNLqZ+K1HKhVLxL0epzSM8UCwPiNYW6nrHgYam0An6DxIGbLzkHl5IEzXrXhVbwq0SPyCVKBAvet+Bb2EmJgKTThWquN7qQ4zLDUjnOblwCiaYjLCA9qxVOCYqjCbBsjRiVV6qJ9IO0Kjqfr7IsOxUuM4spsx1kM1703E/7yO0f2rMGMiNZoKMnuobziygSdtoB6TlGg+tgQTyexfERliiYm2nZVtCf585EXSPKv6lt9dVGrXRR0lOIJjOAUfLqEGt1CHBhDI4Rle4c15cl6cd+djtrrkFDcH8AfO5w8gwJYY</latexit><latexit sha1_base64="/Sv1I4h28yWRK9u+UNDrVPR2q9Q=">AAACAHicbVC7SgNBFL3rM8bXqoWFzWAQrMKuCloGbSwjmAdk1zA7mSRDZmeXeQhh2cZfsbFQxNbPsPNvnCRbaOKBC4dz7mXmnCjlTGnP+3aWlldW19ZLG+XNre2dXXdvv6kSIwltkIQnsh1hRTkTtKGZ5rSdSorjiNNWNLqZ+K1HKhVLxL0epzSM8UCwPiNYW6nrHgYam0An6DxIGbLzkHl5IEzXrXhVbwq0SPyCVKBAvet+Bb2EmJgKTThWquN7qQ4zLDUjnOblwCiaYjLCA9qxVOCYqjCbBsjRiVV6qJ9IO0Kjqfr7IsOxUuM4spsx1kM1703E/7yO0f2rMGMiNZoKMnuobziygSdtoB6TlGg+tgQTyexfERliiYm2nZVtCf585EXSPKv6lt9dVGrXRR0lOIJjOAUfLqEGt1CHBhDI4Rle4c15cl6cd+djtrrkFDcH8AfO5w8gwJYY</latexit><latexit sha1_base64="/Sv1I4h28yWRK9u+UNDrVPR2q9Q=">AAACAHicbVC7SgNBFL3rM8bXqoWFzWAQrMKuCloGbSwjmAdk1zA7mSRDZmeXeQhh2cZfsbFQxNbPsPNvnCRbaOKBC4dz7mXmnCjlTGnP+3aWlldW19ZLG+XNre2dXXdvv6kSIwltkIQnsh1hRTkTtKGZ5rSdSorjiNNWNLqZ+K1HKhVLxL0epzSM8UCwPiNYW6nrHgYam0An6DxIGbLzkHl5IEzXrXhVbwq0SPyCVKBAvet+Bb2EmJgKTThWquN7qQ4zLDUjnOblwCiaYjLCA9qxVOCYqjCbBsjRiVV6qJ9IO0Kjqfr7IsOxUuM4spsx1kM1703E/7yO0f2rMGMiNZoKMnuobziygSdtoB6TlGg+tgQTyexfERliiYm2nZVtCf585EXSPKv6lt9dVGrXRR0lOIJjOAUfLqEGt1CHBhDI4Rle4c15cl6cd+djtrrkFDcH8AfO5w8gwJYY</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="IFrX8McibM+yaVsbfxZrJQJSiJk=">AAAB+HicbZDLSgMxFIbPeK310lGXboJFcFVmRNBl0Y3LCvYCnVIyaaYNzWSG5ESopU/ixoUibn0Ud76N6WWhrT8EPv5zDjnnj3MpDAbBt7e2vrG5tV3YKe7u7R+U/MOjhsmsZrzOMpnpVkwNl0LxOgqUvJVrTtNY8mY8vJ3Wm49cG5GpBxzlvJPSvhKJYBSd1fVLEVIbYUaiXJBI2a5fDirBTGQVwgWUYaFa1/+KehmzKVfIJDWmHQY5dsZUo2CST4qRNTynbEj7vO1Q0ZSbzni2+IScOadHkky7p5DM3N8TY5oaM0pj15lSHJjl2tT8r9a2mFx3xkLlFrli848SK4k7dJoC6QnNGcqRA8q0cLsSNqCaMnRZFV0I4fLJq9C4qISO7y/L1ZtFHAU4gVM4hxCuoAp3UIM6MLDwDK/w5j15L9679zFvXfMWM8fwR97nD1HMkto=</latexit>

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

▸ With three missing neutrinos: B rest frame approximation
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m2
miss = (PB − PD − Pμ)2

Fit to background-enriched regions 
essential to control backgrounds

LHCb-PAPER-2024-007

Can take advantage of the more constrained 
kinematics and tau decay vertex

https://arxiv.org/abs/2406.03387
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d2Γ
dq2dcosθD

= aθD
(q2) + cθD

(q2)cos2θD

FD*
L =

aθD
(q2) + cθD

(q2)
3aθD

(q2) + cθD
(q2) CSL

CSR

SM

The presence of new mediators 
impacts the polarisation fraction

PRD 95 (2017) 115038

Unpolarised Polarised

▸ Run1 + partial Run2 ( ), hadronic  decay5fb−1 τ
▸ Background treatment similar to  

analysis (PRD 108, 012018)
R(D*)

▸ 4D-binned templated fit to 
 decay time, anti-  BDT 

output,  and 
τ Ds

cosθD
q2(q2 ≶ 7GeV2/c4)

▸ 2 signal components: 
polarised & unpolarised
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4c/2 < 7 GeV2q 4c/2 > 7 GeV2q

)-1LHCb Run 2 (2 fb

▸ Main systematic uncertainties from size of simulated samples, FF 
parameterisation and double-charm background modelling.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115038
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018
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d2Γ
dq2dcosθD

= aθD
(q2) + cθD

(q2)cos2θD

FD*
L =

aθD
(q2) + cθD

(q2)
3aθD

(q2) + cθD
(q2)

LHCb-PAPER-2023-020

Unpolarised Polarised

FD*
L (q2 < 7GeV2/c4) = 0.51 ± 0.07(stat) ± 0.03(syst)

FD*
L (whole q2 range) = 0.43 ± 0.06(stat) ± 0.03(syst)

FD*
L (q2 > 7GeV2/c4) = 0.35 ± 0.08(stat) ± 0.02(syst)

▸ Compatible with previous Belle result: 
 

(arXiv:1903.03102)
FD*

L = 0.60 ± 0.08(stat) ± 0.04(syst)
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Run 2 samples a factor 4-12 
larger than Run 1 (depending on 
sample & selection)

▸ Compatible with SM predictions: 

FD*
L (q2 > 7GeV2/c4) = 0.51 ± 0.07(stat) ± 0.03(syst)

FD*
L (q2 < 7GeV2/c4) = 0.51 ± 0.07(stat) ± 0.03(syst)

FD*
L = 0.441 ± 0.006

FD*
L = 0.457 ± 0.010

FD*
L = 0.467 ± 0.009

FD*
L = 0.422 ± 0.010

PRD 98 (2018) 095018
 Eur. Phys. J. C 79, 268 (2019)
Eur. Phys. J. C 80, 347 (2020)
arXiv:2310.03680

arXiv:2310.03680

https://arxiv.org/abs/2311.05224
https://arxiv.org/abs/1903.03102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.095018
https://arxiv.org/abs/1805.08222
https://link.springer.com/article/10.1140/epjc/s10052-020-7850-9
https://arxiv.org/abs/2310.03680
https://arxiv.org/abs/2310.03680
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▸ Natural extension: describe the fully differential decay rate
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▸  decaysB0 → D*μν

▸ Solution of quadratic equation (solid) compared 
to B rest frame approximation (dashed)
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⌧(! µ⌫⌫)
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LHCb Simulation LHCb Simulation

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

LHCB-PUB-2018-009, arXiv:1808.08865

▸ Angular resolutions (worst case: B rest 
frame approximation,  leptons)τ

▸ Natural extension: describe the fully differential decay rate

▸  decaysB0 → D*τν
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Extending differential measurements: decay angles

https://arxiv.org/abs/1808.08865


Angular Coefficients

L. Grillo (UofG)                                         Challenges of SL b-hadron decays                                         25/09/2024

!"#

#

$

%
&∗

"&

&

(, *

+

▸ 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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▸ Fully differential decay rate

dΓ(B → D*ℓν)
dwdcosθℓdcosθddχ

=
3m3

Bm2
D*G2
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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 (ok to integrate in  ? - or  - D. Hill et.al., JHEP 11 
(2019) 133)

q2 w

12

▸ Ongoing measurements of   and B0 → D*ℓν B0
s → D*s ℓν

https://arxiv.org/abs/2001.03225
http://D.%20Hill%20et.al.,%20JHEP%2011%20(2019)%20133
http://D.%20Hill%20et.al.,%20JHEP%2011%20(2019)%20133
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▸ Measurement of the angular coefficients of  using the full Bell dataset and 
hadronic B tagging, including both charged and neutral B mesons

B → D*ℓν

ΔX = Xμ − Xe

arXiv:2310.20286 

▸ The signal yield in bins of the angles, w and decay mode is 
determined using the M2

miss = (pe+e− − ptag − pD* − pℓ)2

|Vcb | = (41.0 ± 0.3(stat) ± 0.4(syst) ± 0.5(theo)) × 10−3

▸ In agreement with previous analysis (PRD 108(2023) 012002) 
and HFLAV inclusive, no deviation from SM in LFU tests More in Markus’ talk

https://arxiv.org/abs/2310.20286
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012002
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14B0
s → D*s μν

▸ Building upon JHEP 12 (2020) 144 : binned folded and unfolded fit over 4-d space. Fully 
differential decay rate:

d2Γ
dq2dcosθldcosθddχ

∝ ∑
i

Ii(q2)ki(θℓ, θD, χ)
▸ Use CLN and BGL to parametrise  

expressions, modify  to 
include a New Physics coupling constant 

Ii(q2)
Ii(q2) → Ii(q2, ϵNP)

▸ Tension (similar with Belle J. Harrison, C.T.H. Davies, arXiv:2304.03137 but different binning)

F. Manganella’s thesis, courtesy M. Rotondo

Unfolded distributions

https://arxiv.org/abs/2003.08453
https://arxiv.org/abs/2304.03137
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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

▸ On going dedicated analysis optimised for CPV observables

https://arxiv.org/abs/2304.00966
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quark, e.g. b charged lepton

neutrino

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

lighter quark, e.g. c
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Heff =
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▸ 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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Ci = CSM
i + CNP

i

Wilson coefficients

Effective operators

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

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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LHCb Simulation LHCb Simulation

LHCb SimulationLHCb Simulation

▸ Measuring  as benchmark B0 → D*μν

▸ Aim: extend  measurement to 
include angular variables and with NP WC in 
signal parametrisation

R(D) vs R(D*)

B0 → D*μν

https://hammer.physics.lbl.gov/HammerManual.pdf
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▸ Extract directly Wilson Coefficients and FF parameters from fit to data

▸ Shape analysis - no attempt to measure           
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|Vcb|
▸ SM fits: CLN (Nuclear Physics B 530 (1998) 

153-181) , BGL (Phys.Rev. D56 (1997) 
6895-6911) and BLPR parametrisation for 
hadronic FF

▸ NP fits: BLPR parametrisation (F. Bernlochner 
et. al. Phys. Rev. D 95, 115008 (2017))

▸ High statistics  sample(s), could 
fit for hadronic FF parameters and NP WC at 
the same time, if correlations allow

B0 → D*μν

Example of fit projection for single 
pseudo-experiment, courtesy H. Nur

▸ First sensitivity estimates B. Mitreska CERN-
THESIS-2022-105

Exploiting angular observables: B0 → D*μν

https://www.sciencedirect.com/science/article/pii/S0550321398003502?via%3Dihub
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/pdf/1703.05330.pdf
https://cds.cern.ch/record/2824477
https://cds.cern.ch/record/2824477
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Exploiting angular observables: B0 → D*μν
▸ Ideally no assumption about the NP structure (Eur. Phys. J. C 80, 883 (2020))

▸ In practice easier to search for specific NP models (e.g. Bhattacharya et. al. 
JHEP 05 (2019) 191) or allowing one NP WC at a time
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Scatter plot of fit results to pseudo-experiments, courtesy H. Nur

Pseudo-experiments 
generated with NP 
components (0.5 for 
Real and Imaginary 
parts)

No observable to 
gain sensitivity to the 
imaginary parts

Unbiased well-
behaved fit to the 
real parts of NP 
WC, need to see 
how to present 
the results for the 
most general case 

https://link.springer.com/article/10.1140/epjc/s10052-020-8304-0
https://arxiv.org/abs/1903.02567
https://arxiv.org/abs/1903.02567
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▸ Expanding on  measurement (LHCb-PAPER-2024-007)R(D+) vs R(D*+)

▸ Modify signal and normalisation models to include NP contributions

▸ Pseudo-experiments study: no NP assumed in muon modes, NP assumed left-handed 

( ), VLR = VRR = SLR = SRR = TRR = 0 S+
L =

SLL + SRL

2
, S−

L =
SLL − SRL

2
▸ Confirmed no significant difference when floating or fixing FF (BLPR) parameters and 

some sensitivity to NP Wilson Coefficients [preliminary study to be followed up]
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Scatter plot of fit results to pseudo-experiments

https://arxiv.org/abs/2406.03387
https://cds.cern.ch/record/2800599/?ln=en
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▸ First differential decay rate measurements of semileptonic decays performed also at LHCb 

▸ Different advantages and challenges wrt measurements performed at the b-factories: 
essential to take advantage of the complementarity

▸ Work on-going to perform angular analyses using different approaches

▸ Not many results today… stay tuned!



Backup
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▸ Expanding on  measurement (LHCb-PAPER-2024-007)R(D+) vs R(D*+)

▸ Modify signal and normalisation models to include NP contributions

▸ Pseudo-experiments study: no NP assumed in muon modes, NP assumed left-handed 

( ), VLR = VRR = SLR = SRR = TRR = 0 S+
L =

SLL + SRL

2
, S−

L =
SLL − SRL

2
▸ Confirmed no significant difference when floating or fixing FF (BLPR) parameters and 

some sensitivity to NP Wilson Coefficients [preliminary study to be followed up]
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Scatter plot of fit results to pseudo-experiments

FF parameters fixed

FF params floating

https://arxiv.org/abs/2406.03387
https://cds.cern.ch/record/2800599/?ln=en
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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.

▸ 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
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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
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26Baryons: 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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⇤c(2595)

+µ�⌫µ 8569 ± 144
⇤c(2625)

+µ�⌫µ 22965 ± 266
⇤c(2765)

+µ�⌫µ 2975 ± 225
⇤c(2880)

+µ�⌫µ 1602 ± 95
⇤+

c µ
�⌫µX (2.74±0.02)⇥106
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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) 
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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*)
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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

V. Dedu and A. Poluektov, arXiv:2304.00966

Additional ideas: CPV observables
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LHCb Simulation

▸ First measurement of            using                                    
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dNobs

dp?dmcorr
= N d�(|Vcb|, hA1 , ...)

dp?dmcorr
⇥ ✏(p?,mcorr)

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

|Vcb|
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B0
s ! D(⇤)�

s µ+⌫µ

▸ Measure rate relative to
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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)

<latexit sha1_base64="5lTAmd/jfwKCUpeAklgjTXcahzY=">AAAB+3icdVBNT8JAEN3iF+JXxaOXDcQEYyQtVoEbUQ8eMREhAWy2ywIbtu1md2skTf+FZy8eNMarf8Qb/8YFNFGjL5nk5b2ZzMzzOKNSWdbESC0sLi2vpFcza+sbm1vmdvZahpHApIFDFoqWhyRhNCANRRUjLS4I8j1Gmt7obOo3b4mQNAyu1JiTro8GAe1TjJSWXDPL3bjDieBJ4dyVN/Fhsu+aeavoHFVKjgU1OXacanlO7KoN7aI1Q76W6xzcT2rjumu+d3ohjnwSKMyQlG3b4qobI6EoZiTJdCJJOMIjNCBtTQPkE9mNZ7cncE8rPdgPha5AwZn6fSJGvpRj39OdPlJD+dubin957Uj1K92YBjxSJMDzRf2IQRXCaRCwRwXBio01QVhQfSvEQyQQVjqujA7h61P4P7kuFe2TonOp0zgFc6TBLsiBArBBGdTABaiDBsDgDjyAJ/BsJMaj8WK8zltTxufMDvgB4+0DKeqXhQ==</latexit>

p?(D
�
s )<latexit sha1_base64="lf6vyS9Huw8d1mcY4gXUVEvRcJc=">AAAB9HicdVDLSsNAFJ3UV62vqks3Q4tQF4akRtvuirpwWcE+oI1lMp20QycPZyaFEvodLnShiFv/w6070Y9x2iio6IELh3Pu5d57nJBRIQ3jVUvNzS8sLqWXMyura+sb2c2thggijkkdByzgLQcJwqhP6pJKRlohJ8hzGGk6w5Op3xwRLmjgX8hxSGwP9X3qUoykkuzTrriMCx0k5N7+pJvNG7p1UC5aBlTk0LIqpYSYFROaujFDvporvL+Vnm9q3exLpxfgyCO+xAwJ0TaNUNox4pJiRiaZTiRIiPAQ9UlbUR95RNjx7OgJ3FVKD7oBV+VLOFO/T8TIE2LsOarTQ3IgfntT8S+vHUm3bMfUDyNJfJwsciMGZQCnCcAe5QRLNlYEYU7VrRAPEEdYqpwyKoSvT+H/pFHUzSPdOldpHIMEabADcqAATFACVXAGaqAOMLgC1+AO3Gsj7VZ70B6T1pT2ObMNfkB7+gCQW5W5</latexit>

D(⇤)�
s

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

|Vcb|

10 20 30 40
]3−| [10cbV|

ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 82, 3746 (1999)]
Belle [PRD 93, 032006 (2016)]
BaBar [PRD 79, 012002 (2009)]
BaBar [PRL 104, 011802 (2010)]
ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 89, 081803 (2002)]
OPAL [PLB 482, 15 (2000)]
OPAL [PLB 482, 15 (2000)]
DELPHI [PLB 510, 55 (2001)]
DELPHI [EPJ C33, 213 (2004)]
BaBar [PRD 77, 032002 (2008)]
BaBar [PRL 100, 231803 (2008)]
BaBar [PRD 79, 012002 (2009)]
Belle [PRD 100, 052007 (2019)]
BaBar [PRL 123, 091801 (2019)]
LHCb [LHCb-PAPER-2019-041]

CLN
BGL

CLN
BGL
CLN
BGL

CLN
BGL

Exclusive average (HFLAV 2019)
Inclusive average (HFLAV 2019)

Two FF 
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