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Lepton Flavour Universality
‣ The SM predicts equal couplings between gauge bosons and the 

three lepton families. This is called Lepton Flavour Universality (LFU) 

- Observation of LFU violation  sign of new physics (NP) 

‣ Semileptonic decays show tensions between SM expectation and 
experimental results in  and  (Ricci’s talk) 
transitions 

‣ LFU can be probed by studying different observables: 

- Differential branching fractions 

- Angular analyses 

- Ratio observables

⟶

b → cℓνℓ b → sℓℓ

2

RD*(q2) =
dΓ(B → D*−τ+ντ)

dq2 / dΓ(B → D*−ℓ+νℓ)
dq2 q2 = (pB − pD*)2

- Very well predicted 

- Cancellation of theoretical and 
experimental uncertainties in the ratio

https://indico.cern.ch/event/1252716/contributions/5344730/
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‣ Test LFU by measuring   

‣ Clean theoretical prediction  

‣  deviates from unity due to different lepton masses 

‣ Missing momentum of neutrinos

R(Hc) =
BR(Hb → Hcτ+ντ)
BR(Hb → Hcμ+νμ)

R(Hc)

Semileptonic  decaysb → cℓνℓ

3

where … 
and ...

Hb = B0, B+
(c), Λ0

b, B0
s ,

Hc = D(*)±, D0, Ds, Λ+
c , J/ψ,

mτ ∼ {
17 ⋅ mμ

3500 ⋅ me

‣ Different strategies: 

- Muonic decay of the tau: 
 

- 3-prong decays: 
 

‣ Combined  and  
measurement in tensions with SM 
predictions by 

τ+ → μ+νμν̄τ

τ+ → π+π−π+(π0)ν̄τ

R(D) R(D*)

3.2σ
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Muonic -  measurementR(D) R(D*)

‣ Measurement of  with R(D(*)) =
BR(B0 → D(*)τ+ντ)
BR(B0 → D(*)μ+νμ)

τ+ → μ+νμν̄τ

4

Run 1  
arxiv:2302.02886

3 fb−1

variables used to distinguish between signal and background events. Moreover, there is a sig-
nificant contamination from partially reconstructed background events that must be modelled
accurately. Furthermore, large simulation samples are required to model both the signal and
background events.

Previously, both the LHCb and B factories have measured the LFU ratio in B ! D(⇤)l�⌫l
decays and found a deviation from the SM predictions at the level of 3.3� 6. Additionally, the
LHCb experiment has measured the LFU ratio in B ! J/ l�⌫l decays 4, denoted as R(J/ ),
and in ⇤b ! ⇤+

c l
�⌫l decays 5, denoted as R(⇤c).

Recently, the LHCb experiment conducted two new measurements of the LFU ratio in
B ! D(⇤)l�⌫l decays. The first measurement is a combined measurement of R(D) and R(D),
and is discussed in detail in Section 1. The second measurement is the measurement of R(D⇤)
using hadronic ⌧ decays, and is discussed in detail in Section 2.

1 Combined measurement of R(D) and R(D⇤) with muonic ⌧ decays

The LHCb experiment has performed a combined measurement of R(D) and R(D) 7, utilising
the large branching fraction of approximately 17.4% of muonic ⌧� ! µ�⌫µ⌫⌧ decays in the final
state. The analysis uses the Run 1 data sample corresponding to an integrated luminosity of
3fb�1, with proton-proton collisions at a center-of-mass energy of 7 and 8TeV . This measure-
ment updates a previous analysis8 that used the same data sample to measure R(D⇤) alone. The
current analysis has several improvements, including an improved modelling of signal and back-
ground shapes used in the measurement of the yields, and a reduction in the misidentification
of hadrons as muons.

In this study, three signal channels are investigated: B
0 ! D+⌧�⌫⌧ , B� ! D⇤0⌧�⌫⌧ , and

B� ! D0⌧�⌫⌧ , with the topology of one of the signal channels shown in Fig. 1. To determine
the yields of the three signal channels, two disjoint samples are used. One sample corresponds

to D⇤+µ�, which includes the contribution from the signal B
0 ! D+⌧�⌫⌧ decays. The other

sample corresponds to a large sample of D0µ�, where the D⇤+ contribution is vetoed, and
includes the contributions from all three signal channels.

The semimuonic B
0 ! D⇤+µ�⌫µ decays is used as the normalisation channel in the measure-

ment of R(D(⇤)). The normalisation channel contains the same final state as the signal channels,
see Fig. 1 for its decay topology, which allows for cancellation of many common systematic un-
certainties related to the detection e�ciencies in the ratio of R(D(⇤)). The normalisation channel
is about 20 times larger than the signal channels and therefore a good resolution of the kinematic
observables is required to be able to distinguish between the signal and normalisation channels.

The B ! D(⇤)µ�⌫µ channel serves as the normalisation for measuring R(D(⇤)) due to its
similar decay topology as the signal channel (see Fig. 1), allowing for cancellation of many
common systematic uncertainties related to the detection e�ciencies. Since the normalisation
channel is 20 times larger than the signal channels, precise resolution of kinematic observables
is necessary to di↵erentiate between them.

Figure 1 – Topology of one of the signal B
0 ! D⇤+⌧�⌫⌧ (left) and normalisation B

0 ! D⇤+µ�⌫µ (right) channels.

The missing neutrinos in the final state of the signal channels, poses a challenge in the
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The missing neutrinos in the final state of the signal channels, poses a challenge in the

Signal Normalisation

‣ Same final states for signal and normalisation 

‣  boost along  axis  boost of decay products in  rest 
frame 

‣ Momentum approximated as 

B0 z ≫ B0

(pz)B =
mB

mD*μ
(pz)D*μ

https://arxiv.org/abs/2302.02886
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Muonic -  measurementR(D) R(D*)
‣ Separation of  and  channels via a 3D binned template fit to data: 

-  
-  

-   energy in the  rest frame,  

τ μ

q2 = (pB − pD*)2

m2
miss = (pB − pD* − pμ)2

μ B E*μ

5

q2 E*μ
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R(D*) = 0.281 ± 0.018 ± 0.024 R(D) = 0.441 ± 0.060 ± 0.066

 correlation ρ = − 0.43

 from SM1.9σ
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Hadronic  measurementR(D*)

6

‣  reconstructed with 3-prong  decays  

‣ Measure  w.r.t. the normalisation mode : 

➡  

➡

τ τ τ+ → π+π−π+(π0)ν̄τ

BR(B0 → D*−τ+ντ) B0 → D*−π+π−π+

K(D*) =
Nsig

Nnorm
⋅

εnorm

εsig
⋅

1
BR(τ+ → π+π−π+(π0)ν̄τ)

R(D*) = K(D*) ⋅
BR(B0 → D*−π+π−π+)

BR(B0 → D*−μ+νμ)

Run 1, :[PRD 97 072013 (2018), 
PRL 120 171802 (2018)] 
15+16, : [arxiv:2305.01463]

3 fb−1

2 fb−1

‣ Approximations to estimate  and  momenta 

‣ Largest background channels: 
- Prompt  background 

suppressed by  

- Doubly charmed , 
treated with multivariate analysis (BDT)

B τ

B0 → D*−π+π−π+(X)
Δz > 4σΔz

B → D*−D+
s ( → 3π)(X)

 BR(B0 → D*−π+π−π+) = (7.21 ± 0.29) ⋅ 10−3

BR(B0 → D*−μ+νμ) = (5.05 ± 0.14) %
BR(τ+ → π+π−π+ντ) = (9.02 ± 0.05) %
BR(τ+ → π+π−π+ντ) = (4.49 ± 0.05) %

External inputs

https://arxiv.org/abs/1711.02505
https://arxiv.org/abs/1708.08856
http://arxiv.org/abs/2305.01463
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Hadronic  measurementR(D*)

7
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‣ Normalisation yield  invariant mass fit to 
 

‣ Signal yield  3D template fit in  decay 
time,  and BDT 

‣ Agreement with 

→
m(D*−3π)

→ τ
q2

R(D*)SM = 0.254 ± 0.005
‣ Including Run 1 result: 

R(D*)(2011−2016) = 0.257 ± 0.012 ± 0.014 ± 0.012

15+16,   
[arxiv:2305.01463]

2 fb−1

R(D*) = 0.247 ± 0.015 (stat) ± 0.015 (syst) ± 0.012 (ext)

http://arxiv.org/abs/2305.01463
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 and  measurementsR(J/ψ) R(Λ+
c )

[PLB 452 129 (1999)]  
[arXiv:hep-ph/0211021] 
[PRD 73 054024 (2006)] 

[PRD 74 074008 (2006)]  
[PRL 115 111803 (2015)] 
[HFLAV]

 with  decaysR(J/ψ) =
BR(B+

c → J/ψτ+ντ)
BR(B+

c → J/ψμ+νμ)
τ+ → μ+νμν̄τ

 with 3-prong  decaysR(Λ+
c ) =

BR(Λ0
b → Λ+

c τ−ν̄τ)
BR(Λ0

b → Λ+
c μ−ν̄μ)

τ

q2 E*μ
R(J/ψ) = 0.71 ± 0.17 (stat) ± 0.18 (syst)
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8

R(Λ+
c ) = 0.242 ± 0.026 (stat) ± 0.040 (syst) ± 0.0597 (ext)

[arXiv:2201.03497]

Run 1  
3 fb−1

∼ 1σ
R(Λ+

c ) = 0.324 ± 0.004

[ PRD99 (2019) 055008]

https://www.sciencedirect.com/science/article/pii/S0370269399002737?via=ihub
arXiv:hep-ph/0211021
http://dx.doi.org/10.1103/PhysRevD.73.054024
http://dx.doi.org/10.1103/PhysRevD.74.074008
https://arxiv.org/abs/1506.08614
https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html
http://arxiv.org/abs/2201.03497
https://doi.org/10.1103/PhysRevD.99.055008
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VII.A Prospects and Outlook 47

Figure 30 Projections for the expected precision on the measurement of selected R(Hc) ratios at LHCb as a function of the year
in which the corresponding data sample becomes available. Left: pessimistic scenario for an irreducible systematic uncertainty
of 3% on R(D(⇤)) and 5% on the other ratios. Right: optimistic scenario for an irreducible systematic uncertainty of 0.5% on
R(D(⇤)) and 2% on the other ratios. These extrapolations are based on the current muonic-⌧ measurements of R(D(⇤)) and
R(J/ ), as well as the forthcoming hadronic-⌧ measurement of R(D0

1) for the R(D⇤⇤) curve. The R(⇤⇤
c) entry in the legend

refers to R(⇤⇤
c(2625)). The shaded regions correspond to the long shutdowns during which there is no data taking at the LHC

and have been updated including the latest estimates (Béjar Alonso et al., 2020).

on these ratios down to the 0.5–2% level, if the irreducible
systematic uncertainties can be reduced accordingly.

Finally, the measurement of B ! pp⌧⌫ decays is un-
derway and LHCb also has plans to measure ⇤b ! p⌧⌫.
As described in Sec. II.F, these b ! u⌧⌫ transitions are
especially interesting because their potential NP cou-
plings could be in principle quite di↵erent from those
potentially involved in b ! c⌧⌫ transitions.

2. Prospects for R(Hc,u) at Belle II

Belle II will profit from the much cleaner environment
of B meson pair production in electron-positron anni-
hilations, i.e. even with its smaller data samples with
respect to LHCb, highly competitive results will emerge.
One of the major challenges will be to retain this clean
environment at high luminosities and reduce the impact
of beam and other backgrounds as much as possible. In
addition, several orthogonal data sets can be obtained
leveraging di↵erent analysis or tagging approaches (see
Section III.C.1). The most important results will be:

(i) R(D(⇤)) with exclusive tagging: In principle four
statistically independent measurements can be carried
out this way, namely either with hadronic or semileptonic
tagging and with the focus on either leptonic or hadronic
⌧ -lepton decays. The results with the best control of the
systematic uncertainty will be obtained from the com-
bination of hadronic tagging and leptonic or hadronic ⌧
decays. For these, the B-rest frame will be accessible
and, in the case of hadronic single-prong ⌧ decays, the ⌧

polarization will also be accessible. These results will suf-
fer, however, from the low overall e�ciency of hadronic
tagging caused by the small branching fractions of such
processes.

Semileptonically tagged events will retain much higher
numbers of semitauonic decays, but these will in principle
su↵er from higher systematic uncertainties. Nonetheless,
all reconstructed particles in such signatures can still be
assigned to either the signal or tag side, which will allow
for reliable measurements. It is worth noting that ad-
ditional energy depositions from beam background pro-
cesses will lead to more challenging conditions than the
present-day results. Further, only measurements with
leptonic ⌧ decays have been realized to date, so it will be
an exciting challenge for Belle II to establish measure-
ments with hadronic ⌧ decays using this technique.

(ii) R(D(⇤)) with inclusive or semi-inclusive tagging:
Compared to hadronic or semileptonic tagging, inclusive
tagging o↵ers much higher reconstruction e�ciency at
the cost of higher backgrounds and lower precision in the
reconstruction of B-frame kinematic variables. Nonethe-
less, such measurements will o↵er additional orthogonal
data sets that can be analyzed. A particularly interesting
option might involve the use of semi-inclusive tagging via
a charmed seed meson (D, D

⇤, J/ , Ds, or D
⇤
s
). Such

an approach could o↵er more experimental control than
purely inclusive tagging, while still retaining a high re-
construction e�ciency. It is unclear at present how pre-
cise such measurements will be, as no detailed studies
have been carried out, and we therefore do not include
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Prospects and conclusions

9

‣ Perform LFU tests to probe the SM 

‣ In the last months new results from 
LHCb 

- -  combination with 
  

-  measurement with 3-prong  
decays 

‣ Several measurements ongoing with 
larger data samples 

- Reduce data-driven systematics and 
statistical uncertainties 

- Angular analyses 

‣ New results from LHCb and Belle II  

➡ new answers on LFU problem

R(D) R(D*)
τ− → μ−ν̄μντ

R(D*−) τ
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The LHCb detector

11

[JINST 3 S080005 (2008)]  
[Int. J. Mod Phys. A30 1530022  (2015)] 
[PRL 118 052002 (2017)] 

‣ Large amount of  and  hadrons produced,  at  

‣ Forward spectrometer for  and hadron decays  ( ) 

- Good vertex and impact parameter resolution ( ) 

- Excellent momentum resolution (  ) 

- Excellent charged particle identification (  ID 97% for ( ) misID of 1-3%) 

- Capability for neutral identification

b c σb = (144 ± 1 ± 21) μb 13 TeV

b− c− 2 < η < 5

σ(IP) ∼ 20 μm

δp/p = [0.5 − 1] % p < 200 GeV

μ μ → π

Run 1: 2010-2012  
  

Run 2: 2015-2018 
  

s = 7, 8 TeV ℒint = 3 fb−1

s = 13 TeV ℒint = 6 fb−1

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/10.1142/S0217751X15300227
https://arxiv.org/abs/1612.05140
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 and  statusR(D) R(D*)

12

0.2 0.4
R(D)

BaBar 2012, had. tag
 0.042± 0.058 ±0.440 

Belle 2015, had. tag
 0.026± 0.064 ±0.375 

Belle 2019, sl. tag
 0.016± 0.037 ±0.307 

LHCb 2022
 0.066± 0.060 ±0.441 

Average 
 0.029±0.356 

SM Average 
 0.004±0.298 

PRD 94 (2016) 094008 
 0.003±0.299 

PRD 95 (2017) 115008 
 0.003±0.299 

JHEP 1712 (2017) 060 
 0.004±0.299 

EPJC 80 (2020) 2, 74  
 0.003±0.297 

PRD 105 (2022) 034503  
 0.008±0.296 

FNAL/MILC (2015) 
 0.011±0.299 

HPQCD (2015) 
 0.008±0.300 HFLAV

Prelim. 2023

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 2023, (hadronic tau)
 0.018± 0.012 ±0.257 

Belle 2019, sl.tag
 0.014± 0.018 ±0.283 

LHCb 2022 
 0.024± 0.018 ±0.281 

Average 
 0.013±0.284 

SM Average 
 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 

EPJC 82(2022) 12,1141 
 0.013±0.265 HFLAV

Prelim. 2023



 
COMBINATION WITH 
MUONIC 

R(D) − R(D*)

τ
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)1−Data (3 fb
 ντ*D→B

ντD→B
D X(*)D→B
νµ**D→B

Comb. + misID 
νµ0D→B
νµ*0D→B
νµ*+D→B
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Systematic uncertainties 
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Internal fit uncertainties �R(D⇤)(⇥10�2) �R(D0)(⇥10�2) Correlation
Statistical uncertainty 1.8 6.0 �0.49
Simulated sample size 1.5 4.5
B! D(⇤)DX template shape 0.8 3.2
B! D(⇤)`�⌫` form-factors 0.7 2.1
B! D⇤⇤µ�⌫µ form-factors 0.8 1.2
B ( B! D⇤D�

s (! ⌧�⌫⌧ )X ) 0.3 1.2
MisID template 0.1 0.8
B ( B! D⇤⇤⌧�⌫⌧ ) 0.5 0.5
Combinatorial < 0.1 0.1
Resolution < 0.1 0.1
Additional model uncertainty �R(D⇤)(⇥10�2) �R(D0)(⇥10�2)

B! D(⇤)DX model uncertainty 0.6 0.7
B0

s! D⇤⇤
s µ�⌫µ model uncertainty 0.6 2.4

Data/simulation corrections 0.4 0.8
Coulomb correction to R(D⇤+)/R(D⇤0) 0.2 0.3
MisID template unfolding 0.7 1.2
Baryonic backgrounds 0.7 1.2
Normalization uncertainties �R(D⇤)(⇥10�2) �R(D0)(⇥10�2)

Data/simulation corrections 0.4⇥R(D⇤) 0.6⇥R(D0)
⌧� ! µ�⌫⌫ branching fraction 0.2⇥R(D⇤) 0.2⇥R(D0)
Total systematic uncertainty 2.4 6.6 �0.39
Total uncertainty 3.0 8.9 �0.43



HADRONIC  
MEASUREMENT

R(D*)
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A. Gioventù LFU tests with semileptonic  decaysb → cℓνℓ 12/05/23

:  backgroundR(D*−)had B → D*DsX

17

‣ Double charm decays are one of the most important source 
of background 

‣ Select  sample with exclusive D*−D+
s D+

s → 3π
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]2c) [MeV/π(3m − 0D

)−π+K(m −) π3− *D(m

0

100

200

300

)2 c
C

an
di

da
te

s /
 (1

0 
M

eV
/ LHCb

-12 fb0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8
1Data Total + *sD− *D→0B

+2317)(*
0sD

− *D→0B +
sD− *D→0B +(2460)1sD

− *D→0B
X+sD**D→B X+sD− *D→0sB Combinatorial

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8
1Data Total + *sD− *D→0B

+2317)(*
0sD

− *D→0B +
sD− *D→0B +(2460)1sD

− *D→0B
X+sD**D→B X+sD− *D→0sB Combinatorial

500 1000 1500
]2c) [MeV/π(3m − 0D

)−π+K(m −) π3− *D(m

0

100

200

300

)2 c
C

an
di

da
te

s /
 (1

0 
M

eV
/ LHCb

-12 fb

‣ Perform a mass fit to  
distribution 

‣ Obtain relative yields to 
correct MC and constrain the 
respective parameters in the 
signal fit

D*−D+
s

Parameter Fit result ( ✏sig
✏control

) Corrected fraction

fD+
s

0.55± 0.03 0.992 0.55± 0.03
fD⇤+

s0
0.10± 0.04 1.077 0.11± 0.04

fD+
s1

0.37± 0.07 1.051 0.39± 0.07

fD⇤⇤
D+

s (X) 0.28± 0.10 1.208 0.34± 0.12

fB0
s!D⇤�D+

s (X) 0.12± 0.04 0.904 0.11± 0.04



A. Gioventù LFU tests with semileptonic  decaysb → cℓνℓ 12/05/23

: Inclusive  decaysR(D*−)had D+
s → 3π(X)

18

‣ Strategy similar to Run 1 analysis  systematic  

‣ Data sample enriched in  by requiring BDT below a threshold

→ σD+
s

∼ 0.4 %

D+
s

‣ Simultaneous fit to 
data , 

, 
 and  

‣  mode 
fractions as fit 
parameters 

‣ Contribution to 
systematics of 

min(m(π+π−))
max(m(π+π−))
m(π+π+) m(3π)

D+
s → 3π(X)

1.0 %

400 600 800
]2c)] [MeV/−π+π(mmin[

0

500

1000

1500

2000

)2 c
C

an
di

da
te

s /
 (4

0 
M

eV
/ LHCb

-12 fb

500 1000
]2c)] [MeV/−π+π(mmax[

0

500

1000

)2 c
C

an
di

da
te

s /
 (4

0 
M

eV
/ LHCb

-12 fb

500 1000
]2c) [MeV/+π+π(m

0

200

400

)2 c
C

an
di

da
te

s /
 (4

0 
M

eV
/ LHCb

-12 fb

500 1000 1500
]2c) [MeV/π(3m

0

200

400

)2 c
C

an
di

da
te

s /
 (4

0 
M

eV
/ LHCb

-12 fb

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8
1Data Total  background+

sDNon-
 modes+
sDOther )0π(+π}φ,ω{→+sD )0π(+πη→+sD

)0π(+π'η→+sD



A. Gioventù LFU tests with semileptonic  decaysb → cℓνℓ 12/05/23

: fit resultsR(D*−)had
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Parameter Fit result Constraint
Free

Nsig 2469± 154
ND+

s
20446± 509

fD+ 0.08± 0.01
fv1v2
D0 2.10± 0.30

Constrained
NB!D⇤�3⇡X 2279± 177 2051± 200
fB0

s!D⇤�D+
s (X) 0.13± 0.03 0.11± 0.04

fD+
s1

0.36± 0.03 0.40± 0.07

fD+
s

0.60± 0.02 0.55± 0.03
fD⇤+

s0
0.06± 0.03 0.11± 0.04

fD⇤⇤
D+

s (X) 0.61± 0.06 0.34± 0.12

Fixed
NB1B2 46
N same

D0 1051
Nfake D0 468
Nfake D⇤� 714
fD⇤⇤

⌧+⌫ 0.035
f⌧+!3⇡⌫⌧

0.780


