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Lepton Flavour Universality
The Standard Model (SM) predicts equal couplings between gauge bosons and the
fermion families. In the lepton sector, this universality results in an accidental
lepton flavour symmetry ( broken only by Higgs Yukawa interactions). This is called
Lepton Flavour Universality (LFU)

Lepton Flavour Universality
Violation

Many SM extensions foresee new 
processes involving mostly the third 

generation of quarks and leptons 

Some discrepancies between SM predictions and measurements have been reported 
in b-hadron decays 
Neutral current: 𝑏 → 𝑠ℓℓ
Charged current: 𝑏 → 𝑐ℓ𝜈ℓ(this talk)
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Ratios R(Hc)
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LFU Tests in charged current decays
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Features:
• Partial cancellation of form factor uncertainties and dependence from |Vcb|
• Reduce experimental uncertainties (systematics)
𝑅 𝐻" ≠ 1 due to different lepton masses 

!" → $"%&%̅(
→ )")*)"(),)%̅(

Semileptonic decays:

Ø Tree level diagrams with  ℬ ∼10− 2

Ø Sensitive to New Physics processes in couplings with different 
lepton generations

𝑅 𝐻- = ℬ(/!→/"0#12$)
ℬ(/!→/"ℓ%

#12ℓ)
= 4'()

4*+,-
× 5*+,-

5'()

𝑑Γ
𝑑𝑞#

(𝐻$ → 𝐻"𝜏%�̅�&) ∝ 𝐺'#|𝑉"$|#𝑓(𝑞#)#

𝑚!~#
17 ×𝑚"
3500 ×𝑚#

Challenges: missing neutrinos
• Don’t know full momentum -> unknown rest frame
• Large partially-reconstructed 𝐵 backgrounds 
Needed approximations to reconstruct the b-hadron

Momentum

𝑏 → 𝑐ℓ𝜈ℓ

ℓ′ = 𝜇 𝐿𝐻𝐶𝑏
ℓ′ = 𝑒/𝜇 (𝐵 𝑓𝑎𝑐𝑡𝑜𝑟𝑖𝑒𝑠)
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𝑹 𝑫∗ with 𝝉 → 𝝁𝝂𝝂

Signal and normalization channel separated by 3-D fit

!
"#$$
%

&' ()∗+

,-
./∗

!"
#∗% #&" '%

()
'%

*) +)
,-,̅/,/

!"
#∗% #&" '%

()
'%

*)
+,

𝐵! → 𝐷∗#𝜏$𝜈% 𝐵! → 𝐷∗#𝜇$𝜈&

To obtain 𝑝(:
𝛾𝛽) ( = 𝛾𝛽) *∗+

𝑚,-..
# = (𝑝( − 𝑝*∗ − 𝑝+)# 𝐸+∗ 𝑞# = (𝑝( − 𝑝*∗)#

[PRL 115 111803 (2015)] 
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𝑹 𝑫∗ with 𝝉 → 𝝁𝝂𝝂

• Good agreement with the previous measurements
• Compatible in 2.1𝜎 with the SM: R 𝐷∗ = 0.258 ± 0.005
• Systematic uncertainty dominated by MC statistics and MisID background

𝑹 𝑫∗ = 𝟎. 𝟑𝟑𝟔 ± 𝟎. 𝟎𝟐𝟕(𝒔𝒕𝒂𝒕. ) ± 𝟎. 𝟎𝟑𝟎(𝒔𝒚𝒔𝒕. )

[PRL 115 111803 (2015)] 

Run 1
[3 fb-1]
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𝑅 𝐷∗ ≡
ℬ(𝐵+ → 𝐷∗,𝜏-𝜈.)

ℬ(𝐵+ → 𝐷∗,𝜋-𝜋,𝜋-)
×
ℬ(𝐵+ → 𝐷∗,𝜋-𝜋,𝜋-)
ℬ(𝐵+ → 𝐷∗,𝜇-𝜈/)
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𝑹 𝑫∗ with 𝜏→𝜋𝜋𝜋𝜈
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𝐵0 → 𝐷∗%𝜏1𝜈& 𝐵0 → 𝐷∗%𝜋1𝜋%𝜋1

[∼ 4% precision, BaBar, Belle, 
LHCb]

[∼ 2% precision, HFLAV2016]

ℬ(𝜏1 → 𝜋1𝜋%𝜋1(𝜋0)�̅�&)~14% , similar to ℬ(𝜏1 → �̅�&𝜇1𝜈+)  

Approximations
needed to 

determine 𝑝( e 𝑝&

K 𝐷∗

• Normalization yield from a fit to 𝑀(𝐵0 → 𝐷∗%𝜋1𝜋%𝜋1)
• Backgrounds: suppressed with kinematics properties and with a multivariate analysis (BDT)
• Signal yield from a 3D fit to: 𝑡& , 𝑞#, BDT result

[PRD 97 072013 (2018), PRL 120 171802 (2018)] 
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𝑹 𝑫∗ with 𝜏→𝜋𝜋𝜋𝜈

B. Siddi
INFN Ferrara Measurement of the ratio of the B0 ! D⇤�⌧+⌫⌧ and B0 ! D⇤�µ+⌫⌫

branching fractions using three-prong ⌧ decays
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Figure 16: Projections of the three-dimensional fit on the (a) 3⇡ decay time, (b) q2 and (c) BDT
output distributions. The fit components are described in the legend.

BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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Figure 16: Projections of the three-dimensional fit on the (a) 3⇡ decay time, (b) q2 and (c) BDT
output distributions. The fit components are described in the legend.

BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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Signal Yield:
ND⇤�⌧+⌫⌧

= 1296± 86
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From the 3D fit we obtain

• Small bias of 3% due to empty bins in the 
fit templates is found and used to correct 
the signal yield

[arXiv:1711.02505]

[arXiv:1708.08856]
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Figure 16: Projections of the three-dimensional fit on the (a) 3⇡ decay time, (b) q2 and (c) BDT
output distributions. The fit components are described in the legend.

BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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Fit results
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Figure 16: Projections of the three-dimensional fit on the (a) 3⇡ decay time, (b) q2 and (c) BDT
output distributions. The fit components are described in the legend.

BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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B. Siddi
INFN Ferrara Measurement of the ratio of the B0 ! D⇤�⌧+⌫⌧ and B0 ! D⇤�µ+⌫⌫

branching fractions using three-prong ⌧ decays
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Figure 16: Projections of the three-dimensional fit on the (a) 3⇡ decay time, (b) q2 and (c) BDT
output distributions. The fit components are described in the legend.

BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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Figure 16: Projections of the three-dimensional fit on the (a) 3⇡ decay time, (b) q2 and (c) BDT
output distributions. The fit components are described in the legend.

BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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Signal Yield:
ND⇤�⌧+⌫⌧

= 1296± 86
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From the 3D fit we obtain

• Small bias of 3% due to empty bins in the 
fit templates is found and used to correct 
the signal yield

[arXiv:1711.02505]

[arXiv:1708.08856]
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Figure 16: Projections of the three-dimensional fit on the (a) 3⇡ decay time, (b) q2 and (c) BDT
output distributions. The fit components are described in the legend.

BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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Fit results
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Figure 16: Projections of the three-dimensional fit on the (a) 3⇡ decay time, (b) q2 and (c) BDT
output distributions. The fit components are described in the legend.

BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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• first measurement obtained exploiting τ → 3𝜋𝜈;
• compatible into ~1𝜎 with the SM prediction: R 𝐷∗ = 0.258 ± 0.005;
• systematic uncertainty dominated by MC statistics, external measurements and 

background shapes and models

𝐊 𝑫∗ = 𝟏. 𝟗𝟑 ± 𝟎. 𝟏𝟐 𝒔𝒕𝒂𝒕. ± 𝟎. 𝟏𝟕 𝒔𝒚𝒔𝒕.

𝑹 𝑫∗ = 𝟎. 𝟐𝟖𝟎 ± 𝟎. 𝟎𝟏𝟖 𝒔𝒕𝒂𝒕. ± 𝟎. 𝟎𝟐𝟗 𝒔𝒚𝒔𝒕.

B. Siddi
INFN Ferrara Measurement of the ratio of the B0 ! D⇤�⌧+⌫⌧ and B0 ! D⇤�µ+⌫⌫

branching fractions using three-prong ⌧ decays
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Figure 16: Projections of the three-dimensional fit on the (a) 3⇡ decay time, (b) q2 and (c) BDT
output distributions. The fit components are described in the legend.

BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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Signal Yield:
ND⇤�⌧+⌫⌧

= 1296± 86
<latexit sha1_base64="1SRaA6wJLzXqKLXS4TTImF86Y1Y="></latexit><latexit sha1_base64="1SRaA6wJLzXqKLXS4TTImF86Y1Y="></latexit><latexit sha1_base64="1SRaA6wJLzXqKLXS4TTImF86Y1Y="></latexit>

From the 3D fit we obtain

• Small bias of 3% due to empty bins in the 
fit templates is found and used to correct 
the signal yield

[arXiv:1711.02505]

[arXiv:1708.08856]
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BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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Fit results
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BDT response are the variables min[m(⇡+⇡�)] and m(D⇤�3⇡). Figure 18 shows the fit
results projected onto these variables. A good agreement with data and the post-fit model
is found. The fit �2 is 1.15 per degree of freedom, after taking into account the statistical
fluctuation in the simulation templates, and 1.8 without. Due to the limited size of the
simulation samples used to build the templates (the need to use templates from inclusive
b-hadron decays requires extremely large simulation samples), the existence of empty bins
in the templates introduces potential biases in the determination of the signal yield that
must be taken into account. To study this e↵ect, a method based on the use of kernel
density estimators (KDE) [44] is used. For each simulated sample, a three-dimensional
density function is produced. Each KDE is then transformed in a three-dimensional
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[PRD 97 072013 (2018), PRL 120 171802 (2018)]

Run 1
[3 fb-1]

8

https://arxiv.org/abs/1711.02505
https://arxiv.org/abs/1708.08856
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𝑹 𝐽/𝜓 with 𝝉 → 𝝁𝝂𝝂 [PRL 120 121801(2018)] 

Same visible final state for Signal and 
Normalization channel

• compatible into 2𝜎 with the SM:  
• systematic uncertainty dominated by MC statistics and uncertainty on Form Factors

The ratio is obtained from a 3-D fit to:
• 𝑚,-..

# ;
• 𝑍 𝑞#, 𝐸+∗ ;
• 𝐵"1 decay time

𝐵"1 → ⁄𝐽 𝜓 𝜏1𝜈& 𝐵"1 → ⁄𝐽 𝜓 𝜇1𝜈+

Similar to 𝑅 𝐷∗ with 𝜏 → 𝜇𝜈𝜈

𝑹( ⁄𝑱 𝝍) = 𝟎. 𝟕𝟏 ± 𝟎. 𝟏𝟕(𝒔𝒕𝒂𝒕. ) ± 𝟎. 𝟏𝟖(𝒔𝒚𝒔𝒕. )

𝑅 ⁄𝐽 𝜓 = 0.2582(38)

[2007.06957]

!"#
$ %⁄

'#
'(

'#
)*

! "⁄
$%

&' $̅%

)'
)*

)'
$+

,-'

Run 1
[3 fb-1]

9

[2007.06957]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
https://arxiv.org/pdf/2007.06957.pdf
https://arxiv.org/pdf/2007.06957.pdf


𝑅 Λ- ≡
ℬ(Λ�� → Λ-�𝜏��̅�0)
ℬ(Λ�� → Λ-�𝜇��̅��)

C.Giugliano - WSPPHI22

𝑹 𝚲𝒄 with 𝜏→𝜋𝜋𝜋𝜈

• First R(Hc) measurement using baryons 

• complementary constraints to NP w.r.t. 𝑅 𝐷(∗)

• Different form factors than B → D decays 

• NP results in different scenarios 

• Precise SM predictions:

• 𝑅 Λ- = 0.324 ± 0.004

PRD99(2019)055008
JHEP08(2017)131

PRD99(2019)055008 with input from Lattice 
QCD FF: PRD92034503(2015)

10

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.055008
https://link.springer.com/article/10.1007/JHEP08(2017)131
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.055008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.034503


𝑅 Λ0 ≡
ℬ(Λ1+ → Λ0-𝜏,�̅�.)

ℬ(Λ1+ → Λ0-𝜋,𝜋-𝜋,)
×
ℬ(Λ1+ → Λ0-𝜋,𝜋-𝜋,)
ℬ(Λ1+ → Λ0-𝜇,�̅�/)

C.Giugliano - WSPPHI22

𝑹 𝚲𝒄 with 𝜏→𝜋𝜋𝜋𝜈

Λ$0 → Λ"1𝜏%�̅�& Λ$0 → Λ"1𝜋%𝜋1𝜋%

K Λ"

[PRL.128.191803] 

𝑅 Λ0 ≡
ℬ(Λ1+ → Λ0-𝜏,�̅�.)
ℬ(Λ1+ → Λ0-𝜇,�̅�/)

external
measured

!

"!

""

""

Λ#$
Λ%!

$
%"

"!

&

PV

Λ!"
Λ#$

"
#%

$$

%
%

$$

$%

($")
$%

'%
PV

• Normalization yield from a fit to M(Λ$0 → Λ"1𝜋%𝜋1𝜋%)
• Backgrounds: suppressed with kinematics properties and with a multivariate analysis (BDT)
• Signal yield from a 3D fit to: 𝑡& , 𝑞#, BDT result

Approximations
needed to 

determine 𝑝2% e 𝑝&

11

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.191803
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𝑹 𝚲𝒄 with 𝜏→𝜋𝜋𝜋𝜈

• compatible into ~1𝜎 with the SM prediction;
• systematic uncertainty dominated by MC statistics, external measurements and background 

shapes and models

[PRD 97 072013 (2018), PRL 120 171802 (2018)]

𝑲 𝜦𝒄 = 𝟐. 𝟒𝟔 ± 𝟎. 𝟐𝟕 𝒔𝒕𝒂𝒕. ± 𝟎. 𝟒𝟎 𝒔𝒚𝒔𝒕.

𝑹 𝜦𝒄 = 𝟎. 𝟐𝟒𝟐 ± 𝟎. 𝟎𝟐𝟔 𝒔𝒕𝒂𝒕. ± 𝟎. 𝟎𝟒𝟎 𝒔𝒚𝒔𝒕. ± 𝟎. 𝟎𝟓𝟗 𝒆𝒙𝒕.

• First observation of Λ$0 → Λ"1𝜏%�̅�& at 6.1𝜎
ℬ Λ$0 → Λ"1𝜏%�̅�& =

1.50 ± 0.16 𝑠𝑡𝑎𝑡. ± 0.25(𝑠𝑦𝑠𝑡. ) ± 0.23(𝑒𝑥𝑡. ) %

Run 1
[3 fb-1]

12

https://arxiv.org/abs/1711.02505
https://arxiv.org/abs/1708.08856
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Joint measurement of 𝑹 𝑫 𝒗𝒔. 𝑹 𝑫∗ with 𝝉 → 𝝁𝝂𝝂 [PRL 115 111803 (2015)] 

Purpose: Extend LHCb Run1 muonic measurement (‘LHCb15’) from 1D band to 2D ellipse 
via a simultaneous fit to disjoint 𝐷0𝜇− and 𝐷∗+𝜇− samples 

0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 

 0.005±R(D*) = 0.254 

 = 1.0 contours2χΔ

Average
 0.012± 0.025 ±R(D) = 0.358 

 0.008± 0.010 ±R(D*) = 0.285 
 = -0.29ρ

) = 32%2χP(

HFLAV

Prelim. 2022

σ3

LHCb22

LHCb18

Belle17

Belle19

Belle15
BaBar12

Average

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74
PRD 105 (2022) 034503

HFLAV

2021

HFLAV
Prelim. 2022

𝑹 𝑫 = 𝟎. 𝟒𝟒𝟏 ± 𝟎. 𝟎𝟔𝟎 𝒔𝒕𝒂𝒕. ± 𝟎. 𝟎𝟔𝟔 𝒔𝒚𝒔𝒕.
𝑹 𝑫∗ = 𝟎. 𝟐𝟖𝟎 ± 𝟎. 𝟎𝟏𝟖 𝒔𝒕𝒂𝒕. ± 𝟎. 𝟎𝟐𝟒 𝒔𝒚𝒔𝒕.

Based on 2015 R(D*) analysis

Excellent agreement with world average, 1.9𝜎 from standard model 
13

https://arxiv.org/abs/1506.08614


Joint measurement of 𝑹 𝑫 𝒗𝒔. 𝑹 𝑫∗ with 𝝉 → 𝝁𝝂𝝂

𝐷(∗)𝜇% + 𝜋%𝜋1 𝐷(∗)𝜇% + 𝐾(𝑋)

𝑆𝑖𝑔𝑛𝑎𝑙 𝐷(∗)𝜇% + 𝜋%
8 simultaneous maximum-likelihood fit to (2x) signal regions, (2x3x) anti-isolated control 
regions

C.Giugliano - WSPPHI22 14



0.2 0.3 0.4 0.5
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HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2χΔ

Average
 0.012± 0.025 ±R(D) = 0.358 

 0.008± 0.010 ±R(D*) = 0.285 
 = -0.29ρ

) = 32%2χP(

HFLAV

Prelim. 2022

σ3

LHCb22

LHCb18

Belle17

Belle19

Belle15
BaBar12

Average

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74
PRD 105 (2022) 034503

HFLAV

2021

HFLAV
Prelim. 2022

0.2 0.3
R(D*)

BaBar 2012, had. tag
 0.018± 0.024 ±0.332 

Belle 2015, had. tag
 0.015± 0.038 ±0.293 

Belle 2017, (hadronic tau)
 0.027± 0.035 ±0.270 

LHCb 2018, (hadronic tau)
 0.029± 0.019 ±0.283 

Belle 2019, sl.tag
 0.014± 0.018 ±0.283 

LHCb 2022 
 0.024± 0.018 ±0.281 

Average 
 0.013±0.285 

SM Prediction
 0.005±0.254 

PRD 95 (2017) 115008 
 0.003±0.257 

JHEP 1712 (2017) 060 
 0.005±0.257 

PLB 795 (2019) 386 
 0.007±0.254 

PRL 123 (2019) 9,091801 
 0.005±0.253 

EPJC 80 (2020) 2, 74 
 0.006±0.247 

FNAL/MILC arXiv:2105.14019 
 0.013±0.265 HFLAV

Prelim. 2022

C.Giugliano - WSPPHI22

Current State of art: [HFLAV 2022]
[arXiv:1908.09398] 

3.2σ above the SM prediction

NEWNEW

15

NEW

https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html
https://arxiv.org/abs/1908.09398
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Angular analysis

16



Enhanced sensitivity to potential NP compared to the ratio alone

Using 𝛬1 → 𝛬0𝜇𝜈 decays, enhanced sensitivity to tensor currents

• Consider 𝛬1 production 

• Polarised: Λ0- → 𝑝𝐾3+

• Unpolarised: Λ0- → 𝑝𝐾-𝜋, and integrate over Λ0- angles

C.Giugliano - WSPPHI22

Angular analysis: 𝚲𝒃 → 𝚲𝒄𝝁𝝂

• 2D fit: 𝑞# and cos 𝜃6
• Expected 7.5M events in Run1+Run2[9 fb-1]

Two-dimensional sensitivity plots 

Wilson coefficients 

• Improvement compared to 

existing B → D(*) decays

17

JHEP 12 (2019) 148

https://link.springer.com/article/10.1007/JHEP12(2019)148


• Angular analysis with 𝜏 decays 

• 𝐵+ → 𝐷∗𝜏𝜈 very well described theoretically and NP may contribute at tree level

C.Giugliano - WSPPHI22

Angular analysis: 𝑩𝟎 → 𝑫∗𝝉𝝂

18

[JHEP 11 (2019) 133]

WIP

1903.03102

• D* longitudinal polarization fraction

complementary to the already performed

R(D*) and needed to compare to the value

found by Belle collaboration

• Prospects with the Run 1+ part of Run 2

data sample[ 5fb-1] shown here

• Using 4D fit on angular variables: cos 𝜃4,

cos 𝜃5 , 𝜒, BDT output

• Extract Wilson Coefficients

https://d-nb.info/1210422905/34
https://arxiv.org/abs/1903.03102


• Angular analysis with 𝜏 decays 
• NP can be detected in angular coefficients even if R(D*) is compatible with SM
• Model agnostic measurement of 𝐵+ → 𝐷∗𝜏𝜈 angular coefficients

C.Giugliano - WSPPHI22

Angular analysis: 𝑩𝟎 → 𝑫∗𝝉𝝂

19

angular

WIP

• Measure the 12 𝐵+ → 𝐷∗𝜏𝜈 angular coefficients and R(D*)

• Multidimensional fit strategy with three decay angles and other discriminating

variables

• Full Run 1 + 2 LHCb data set and simulation samples: 9fb−1

https://indico.cern.ch/event/1197847/contributions/5036267/attachments/2513105/4320014/meeting_220921_slwg_lukess.pdf
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CKM metrology

20



Semileptonic decays of heavy hadrons involve one hadronic current 

àclean laboratory to perform CKM metrology 

Long-standing tension (~3σ) between |V{c,u}b | inclusive and exclusive determinations. 

@LHCb: 

|Vub|/|Vcb| via Λ0
b decays 

B0
s system: 

a) Theoretically advantageous 
ms ≫ mu, md

b) Experimentally appealing: 
~1010 B0

s per fb−1 produced 
Reduced part-reco pollution than B0/+ 

C.Giugliano - WSPPHI22

Probing the CKM picture using semileptonic decays

TODAY: Extraction of |Vcb| via 𝑩𝒔𝟎 → 𝑫𝒔%𝝁1𝝂𝝁

21

The differential decay rate of 𝑩𝒔𝟎 → 𝑫𝒔∗%𝝁1𝝂𝝁
Extraction of |Vub|/|Vcb| and observation of 𝑩𝒔𝟎 → 𝑲%𝝁1𝝂𝝁

JHEP12(2020)144

PRL.126.081804

https://link.springer.com/article/10.1007/JHEP12(2020)144
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.081804


Signal: 𝑩𝒔𝟎 → 𝑫𝒔
(∗)%𝝁1𝝂𝝁

C.Giugliano - WSPPHI22

Extraction of |Vcb| via 𝑩𝒔𝟎 → 𝑫𝒔
(∗)(𝝁)𝝂𝝁

Run 1
[3 fb-1]Normalization: 𝑩𝟎 → 𝑫 ∗ %𝝁1𝝂𝝁

Strategy:
Both channels reconstructed in the [𝐾%𝐾1]:𝜋1
Fit data to simultaneously determine |Vcb| and FF
Challenge:
unreconstructed neutrino in the final state
Solution:
2D fit to the plane in:
v Corrected mass:

v 𝑝;(𝐷.%) correlated with q2 which preserve information on the FF

PRD.101.072004

22

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004
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Extraction of |Vcb| via 𝑩𝒔𝟎 → 𝑫𝒔
(∗)(𝝁)𝝂𝝁

First exclusive |Vcb| extraction at a hadron collider and first determination using 𝐵.0 decays

Both extractions are compatible with each
other

Agreement with exclusive via B0/+ and inclusive 
|Vcb| determination

PRD.101.072004

23

Measurement limited by external inputsà profit from LHCb Run3 estimate 
of fs/fd and any update from Belle II on the 𝐾%𝐾1𝜋1 resonance

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004
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Next steps:

New results are expected from:

vData collected by LHCb during Run2 

(statisticsx4);
vTotal uncertainties reduction

vOngoing analyses:
𝑅 𝐷+ : 𝐵- → 𝐷+𝜏𝜈.
𝑅 𝐷- : X𝐵+ → 𝐷-𝜏𝜈.

𝑅 𝐷6
∗ : 𝐵6 → 𝐷6

(∗)𝜏𝜈.

𝑅 Λ0
∗ : Λ1 → Λ0

(∗)𝜏𝜈.

𝑅 ⁄𝐽 𝜓 : 𝐵0- → ⁄𝐽 𝜓 𝜏𝜈.

vAngular analysis and CKM metrology

vForm factors measurements:
Λ1 → Λ0ℓ𝜈ℓ
Λ1 → Λ0∗ ℓ𝜈ℓ
𝐵6 → 𝐷6

(∗)ℓ𝜈ℓ

v Increased Luminosity

[JoP G 46 2 (2019) ] 
[PRD 96(2017) 112005]

2101.08326

24

https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de/meta
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.112005
https://arxiv.org/pdf/2101.08326.pdf
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To Conclude:

• Presented measurements using the 𝑏 → 𝑐ℓ𝜈ℓ b-hadron decays

• Discrepancies have been reported with respect to the SM predictions

• Many other analyses are ongoing at LHCb and there is an updating with Run2 
data the previous measurements

• The LHCb upgrade in the near future will allow to increase the luminosity

big chance for more precise measurements!
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Thank you
for the attention!
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Backup
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𝐵! → 𝐷∗#𝜋$𝜋#𝜋$

B. Siddi
INFN Ferrara Measurement of the ratio of the B0 ! D⇤�⌧+⌫⌧ and B0 ! D⇤�µ+⌫⌫

branching fractions using three-prong ⌧ decays
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Normalization channel

• The normalization channel has to be as similar as 
possible to the signal channel

• This cancels most of the systematic uncertainties 
due to trigger, particle ID, selection cuts 

• Selection efficiencies differ because of:

• Softer particle momentum spectra in signal due 
to the presence of two neutrinos 

• Different vertex topology

• BDT not used in normalisation channel 
selection 

• Neutral veto (τ➞3ππ0ν mode)

�34

ND*3π = 17808 ±143 (<1% precision)

[arXiv:1711.02505]

[arXiv:1708.08856]

channels.

Table 2: Summary of the e�ciencies (in %) measured at the various steps of the analysis for
simulated samples of the B0 ! D⇤�3⇡ channel and the B0 !D⇤�⌧+⌫⌧ signal channel for both
⌧ decays to 3⇡⌫⌧ and 3⇡⇡0⌫⌧ modes. No requirement on the BDT output is applied for D⇤�3⇡
candidates. The relative e�ciency designates the individual e�ciency of each requirement.

✏norm ✏sig
D⇤�3⇡ D⇤�⌧+⌫⌧

3⇡⌫⌧ 3⇡⇡0⌫⌧
0.136 0.0392 0.0216

4 Study of double-charm candidates

The fit that determines the signal yield uses templates that are taken from simulation. It
is therefore of paramount importance to verify the agreement between data and simulation
for the remaining background processes. Control samples from data are used wherever
possible for this purpose. The relative contributions of double-charm backgrounds and
their q2 distributions from simulation are validated, and corrected where appropriate, by
using data control samples enriched in such processes. Inclusive decays of D0, D+ and
D+

s mesons to 3⇡ are also studied in this way.

4.1 The D+
s decay model

The branching fraction of D+
s meson decays with a 3⇡ system in the final state, denoted as

D+
s ! 3⇡X is about 15 times larger than that of the exclusive D+

s ! 3⇡ decay. This is due
to the large contributions from decays involving intermediate states such as K0

S , ⌘, ⌘
0, �,

and !, which are generically denoted with the symbol R in the following. The branching
fractions of processes of the type D+

s ! R⇡+ are well known, but large uncertainties exist
for several decays, such as D+

s ! R(! ⇡+⇡�X)⇡+⇡0 and D+
s ! R3⇡.

The ⌧ lepton decays through the a1(1260)+ resonance, which leads to the ⇢0⇡+ final
state [35]. The dominant source of ⇢0 resonances in D+

s decays is due to ⌘0! ⇢0� decays.
It is therefore crucial to control the ⌘0 contribution in D+

s decays very accurately. The
⌘0 contribution in the min[m(⇡+⇡�)] distribution, obtained from simulation, is shown
in Fig. 13. It exhibits a double peaking structure: at low mass, due to the endpoint of
phase space for the charged pion pair in the ⌘ ! ⇡+⇡�⇡0 and ⌘0 ! ⌘⇡+⇡� decays and,
at higher mass, a ⇢0 peak. The shape of this contribution is precisely known since the
⌘0 branching fractions are known to better than 2%. The precise measurement on data
of the low-mass excess, which consists only of ⌘0 and ⌘ candidates, therefore enables the
control of the ⌘0 contribution in the sensitive ⇢ region. The D+

s ! 3⇡X decay model is
determined from a data sample enriched in B! D⇤�D+

s (X) decays by requiring a low
value of the BDT output. The distributions of min[m(⇡+⇡�)] and max[m(⇡+⇡�)], of the
mass of the same-charge pions, m(⇡+⇡+), and of the mass of the 3⇡ system, m(3⇡), are
simultaneously fit with a model obtained from simulation. The fit model is constructed
from the following components:

16

shows the D⇤�3⇡ mass spectrum after all these requirements. Moreover, the high purity
of this sample of exclusive B0 decays allows the validation of the selection e�ciencies
derived using simulation.
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Figure 7: Distribution of the D⇤�3⇡ mass for candidates passing the selection.

3.5 Reconstruction of the decay kinematics

Due to the precise knowledge of the D0, 3⇡ and B0 decay vertices, it is possible to
reconstruct the decay chains of both signal and background processes, even in the presence
of unreconstructed particles, such as two neutrinos in the case of the signal, or neutral
particles originating at the 3⇡ vertex in the case of double-charm background. The relevant
reconstruction techniques are detailed in the following.

3.5.1 Reconstruction in the signal hypothesis

The missing information due to the two neutrinos emitted in the signal decay chain can
be recovered with the measurements of the B0 and ⌧ line of flight (unit vectors joining
the B0 vertex to the PV and the 3⇡ vertex to the B0 vertex, respectively) together with
the known B0 and ⌧ masses. The reconstruction of the complete decay kinematics of both
the B0 and ⌧ decays is thus possible, up to two two-fold ambiguities.

The ⌧ momentum in the laboratory frame is obtained as (in units where c = 1)

|~p⌧ | =
(m2

3⇡ +m2
⌧ )|~p3⇡| cos ✓⌧,3⇡ ± E3⇡

p
(m2

⌧ �m2
3⇡)

2 � 4m2
⌧ |~p3⇡|2 sin2 ✓⌧,3⇡

2(E2
3⇡ � |~p3⇡|2 cos2 ✓⌧,3⇡)

, (4)

where ✓⌧,3⇡ is the angle between the 3⇡ system three-momentum and the ⌧ line of
flight; m3⇡, |~p3⇡| and E3⇡ are the mass, three-momentum and energy of the 3⇡ system,
respectively; and m⌧ is the known ⌧ mass. Eq. 4 yields a single solution, in the limit
where the opening angle between the 3⇡ and the ⌧ directions takes the maximum allowed
value

✓max
⌧,3⇡ = arcsin

✓
m2

⌧ �m2
3⇡

2m⌧ |~p3⇡|

◆
. (5)
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Figure 19: Fit to the m(D⇤�3⇡) distribution after the full selection in the (a)
p
s = 7 TeV and

(b) 8 TeV data samples.

and nominal configurations are 14 and 62 for the 7 and 8TeV data samples, respectively,
and are used to assign systematic uncertainties to the normalization yields.

Figure 20 shows the m(3⇡) distribution for candidates with D⇤�3⇡ mass between 5200
and 5350MeV/c2 for the full data sample. The spectrum is dominated by the a1(1260)+

resonance but also a smaller peak due to the D+
s ! 3⇡ decay is visible and is subtracted.

A fit with the sum of a Gaussian function modeling the D+
s mass peak, and an exponential

describing the combinatorial background, is performed to estimate this D+
s contribution,

giving 151±22 candidates. As a result, the number of normalization decays in the full data
sample is Nnorm = 17 660± 143 (stat)± 64 (syst)± 22 (sub), where the third uncertainty
is due to the subtraction of the B0 ! D⇤�D+

s component.
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Figure 20: (a) Distribution of m(3⇡) after selection, requiring m(D⇤�3⇡) to be between 5200
and 5350MeV/c2; (b) fit in the mass region around the D+

s .

7 Determination of K(D⇤�
)

The result
K(D⇤�) = 1.97± 0.13 (stat)± 0.18 (syst),
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• Normalization yield from a fit to 𝑀(𝐵0 → 𝐷∗%𝜋1𝜋%𝜋1)
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Main background: (𝐵0 → 𝐷∗%𝜋1𝜋%𝜋1𝑋) 
(∼ 100 signal) suppressed with 𝜏 and
𝐵0 vertices displacement

B. Siddi
INFN Ferrara Measurement of the ratio of the B0 ! D⇤�⌧+⌫⌧ and B0 ! D⇤�µ+⌫⌫

branching fractions using three-prong ⌧ decays
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�21

Good precision in ! decay vertex reconstruction

• Background due to B→D*3"X is 
suppressed by 3 orders of magnitude

• 35% signal efficiency

! vertex is downstream with respect to the B0 
vertex with a significance of at least at 4#.

Detached Vertex

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

Figure 1: Topology of the signal decay. A requirement on the distance between the 3⇡ and the
B0 vertices along the beam direction to be greater than four times its uncertainty is applied.

3.1.2 Background from other sources

Requirements additional to the detached vertex are needed to reject spurious background
sources with vertex topologies similar to the signal. The various background sources are
classified to distinguish candidates where the 3⇡ system originates from a common vertex
and those where one of the three pions originates from a di↵erent vertex.

The background category, where the 3⇡ system stems from a common vertex, is further
divided into two di↵erent classes depending on whether or not the D⇤� and 3⇡ system
originate from the same b hadron. In the first case, the 3⇡ system either comes from the
decay of a ⌧ lepton or a D0, D+, D+

s or ⇤+
c hadron. In this case, the candidate has the

correct signal-like vertex topology. Alternatively, it comes from a misreconstructed prompt
background candidate containing a B0, B+, B0

s or ⇤0
b hadron. The detailed composition
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Figure 2: Distribution of the distance between the B0 vertex and the 3⇡ vertex along the beam
direction, divided by its uncertainty, obtained using simulation. The vertical line shows the 4�
requirement used in the analysis to reject the prompt background component.
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Selection: displaced vertex 
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•  The 4σΔz vertex cut suppresses 
Xb→D*-π+π-π+X events by 3 orders of  
magnitude. 

•  Remaining background due to doubly 
charmed decays Xb→D*-Ds

+X, Xb→D*-D
+X, Xb→D*-D0X, i.e. mediated by 
particles with non-negligible lifetime. 

•  Xb→D*-Ds
+X: ~10 x signal 

•  Xb→D*-D+X:  ~1 x signal 
•  Xb→D*-D0X:  ~0.2 x signal 
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<Δz(τ-B0)>= 3.6 mm 
<σ(Δz)> = 0.8 mm

Other backgrounds 𝐵0 → 𝐷∗%𝐷.1𝑋 (∼
10 signal) suppressed with BDT
exploiting:
𝜋1𝜋%𝜋1 isolation,

Kinematics variables,
Intermediate resonances.

B. Siddi
INFN Ferrara

Status report on B→D*!" with !→$$$" analysis
26

• A Boosted Decision Tree, a TMVA based 
algorithm,  has been created in order to reject 
events of the type B0→D*D(s)(0,+)

• A total of 18 variables are used. These include:
• Variables related to the partial reconstruction 

(8 variables)
• The neutral and charged isolation (5 

variables)
• The dipion invariant mass (2 variables)
• Other related to kinematics (3 variables) : B0 

distance from primary vertex, τ energy and 
B0 mass.

• Signal MC is used as signal
• The Background is a combination of inclusive 

D*3$X and D*Ds Monte Carlo

BDT Description

BDT response
0.4− 0.2− 0 0.2
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Rejecting Xb→D*-Ds
+X events using a BDT 
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•  BDT trained to suppress main background: 
Xb→D*-Ds

+X events. 

•  Training: background MC vs signal MC. 
Input variables: 
•  3π dynamics. 
•  D*3π dynamics.   
•  Neutrals isolation variables. 

•  BDT is used as a variable in the fit to 
extract signal yield. 

•  Tightening BDT cut, ~50% purity can be 
achieved. Important for (future) angular 
analysis. 
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𝑅 Λ0 ≡
ℬ(Λ1+ → Λ0-𝜏,�̅�.)

ℬ(Λ1+ → Λ0-𝜋,𝜋-𝜋,)
×
ℬ(Λ1+ → Λ0-𝜋,𝜋-𝜋,)
ℬ(Λ1+ → Λ0-𝜇,�̅�/)

C.Giugliano - WSPPHI22

𝑹 𝚲𝒄 with 𝜏→𝜋𝜋𝜋𝜈

Λ$0 → Λ"1𝜏%�̅�& Λ$0 → Λ"1𝜋%𝜋1𝜋%

K Λ"

[PRD 97 072013 (2018), PRL 120 171802 (2018)] 

𝑅 Λ0 ≡
ℬ(Λ1+ → Λ0-𝜏,�̅�.)
ℬ(Λ1+ → Λ0-𝜇,�̅�/)
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Cutting at distance between vertices: 
𝛥𝑧 = 𝑧(3𝜋) − 𝑧(Λ") > 5 𝜎<=>, 
reduces prompt background to be negligible 

Isolation requirements:
- no extra tracks around 3π 
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Extraction of |Vcb| via 𝑩𝒔𝟎 → 𝑫𝒔
(∗)(𝝁)𝝂𝝁

Signal fit using the CLN parameterisation: 

Bkg-subtracted distributions: 

PRD.101.072004
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