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LFU: what is that and why do we care?

- No mixing between generations
- Same coupling for all generations

𝑢, 𝑐, 𝑡

𝑑, 𝑠, 𝑏
𝑊0 𝑙

𝜈3

Differences in amplitudes 
of similar processes only 
depend on the mass of the 
leptons

Theory predictions can be computed with high 
precision:

Advantages of computing 𝑅 𝑋5 ratios also are:

§ Remove dependence on |𝑉89|

§ Partial cancellation of most experimental 
uncertainties

§ Partial cancellation of theoretical 
uncertainties due to hadronic form-factors 
uncertainties

𝑅 𝑋8 =
𝐵𝐹(𝐻9 → 𝑋8𝜏 𝜈?)
𝐵𝐹(𝐻9 → 𝑋8 𝑙 𝜈3)
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LFU: The big picture

𝑹 𝑫𝟎 → 𝟏. 𝟔𝝈 from SM prediction 𝑹 𝑫∗𝟎 → 𝟐. 𝟓𝝈 from SM prediction

0.1 0.2 0.3 0.4
R(D*)

BaBar, had. tag
 0.018± 0.024 ±0.332 

, had. tagaBelle
 0.015± 0.038 ±0.293 

, (hadronic tau)bBelle
 0.027± 0.035 ±0.270 

, sl.tagcBelle
 0.014± 0.018 ±0.283 

aLHCb
 0.024± 0.018 ±0.281 

, (hadronic tau)bLHCb
 0.020± 0.012 ±0.267 

Belle II, had.tag
 0.031± 0.040 ±0.267 

cLHCb
 0.085± 0.081 ±0.402 

Average 
 0.012±0.287 

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 

EPJC 82(2022) 12,1083 
 0.008±0.275 

arXiv:2304.03137[hep-lat] 
 0.013±0.279 

PRD 109 (2024) 7, 074503 
 0.022±0.252 HFLAV

Moriond 2024

HFLAV Moriond 2024

https://indico.in2p3.fr/event/32664/contributions/136999/attachments/83624/124533/3_JGarciaPardinas-v1.pdf


5

LFU: The COMBINED big picture

𝟑. 𝟑𝟏𝝈 from SM prediction
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LFU in LHCb: hadronic vs muonic

𝑅 =
𝐵𝑅(𝐵 → 𝑋8𝜏J𝜈?)
𝐵𝑅(𝐵 → 𝑋8𝑙J𝜈3)

In LHCb we distinguish between two main approaches:

3 Latest experimental results

Channel B (%)

⌧
�

! µ
�
⌫µ⌫⌧ 17.39 ± 0.04

⌧
�
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�
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�
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0
⌫⌧ 4.49 ± 0.05

Table 3.2: Branching fraction measurements of ⌧ decays for the di↵erent channels [1].

charm hadron, in addition to a µ or an e. In this way, R(Hc) is extracted from a sin-
gle dataset containing both the signal and normalisation channels. The main back-
ground contributions are due to inclusive B ! HcD(X) decays with D ! `

0+
⌫`⌫⌧

and B ! H
⇤⇤
c
`⌫` decays, with H

⇤⇤
c

! Hc(X), where X represents any possible un-
reconstructed particle. This reconstruction method has been used for the R(D⇤),
R(D) and R(J/ ) measurements [44–52].

• Hadronic decays contain two neutrinos in the final state hence with a better con-
strained topology. Signal events can have one or three pions and are called 1-prong
and 3-prong, respectively. Three 3-prong ⌧�

! ⇡
�
⇡

+
⇡

�
⌫⌧ and ⌧

�
! ⇡

�
⇡

+
⇡

�
⇡

0
⌫⌧

modes enable the ⌧ vertex reconstruction, therefore are preferred to the 1-prong
ones. One of the biggest source of background is due to B hadrons decaying into
doubly-charmed final states Hb ! HcD(X), where the D meson decay inclusively
into three pions. Besides, one of the main di↵erences from the reconstruction with
leptonic decays is that the Hb ! Hcµ⌫µ and Hb ! Hce⌫e channels are not measured
simultaneously with the ⌧ final state. Therefore the branching fraction values are
taken from external measurements. This reconstruction method has been used for
the R(D⇤), R(D) and R(⇤+

c
) measurements [53–55].

R(Hc) has been measured both at B Factories, by Belle and BaBar, and at LHC by LHCb.
In particular, LHCb measured R(J/ ) and R(⇤+

c
) using a

p
s = 7, 8 TeV data sample,

corresponding to an integrated luminosity of 3 fb�1 [52, 55]. A value of R(J/ ) equal to
0.71±0.17±0.18, where the first term of the uncertainty is due to statistics and the second
to the systematics, is found. This lies within 2 standard deviations above the SM predicted
range of (0.25, 0.30) [56–59]. Concerning R(⇤+

c
), the result is 0.242±0.026±0.040±0.059,

with the third uncertainty term due to external measurements, in agreement with the SM
expectations.

Concerning the R(D) and R(D⇤) observables, these are predicted to be R(D) =
0.298 ± 0.004 and R(D⇤) = 0.254 ± 0.005, respectively, by di↵erent groups [38,60–68]. In
Figs. 3.3 and 3.4 these values are compared with the experimental measurements published

29

𝑹 hadronic: 𝝉0 → 𝝅0𝝅J𝝅0 𝝅𝟎 𝝂𝝉

§ ‘Only’ two neutrinos in the final 
state

§ Three charged tracks enable tau 
vertex reconstruction

§ Lower yields due to smaller BF

𝑹 muonic: 𝝉0 → 𝝁0𝝂𝝁 𝝂𝝉

§ Same final state as normalization 
for the ratio

§ Larger yields

§ Challenging to distinguish 𝜇 from 𝜏
(3 neutrinos in the final state!)

PDG 2023

https://academic.oup.com/ptep/article/2022/8/083C01/6651666
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Muonic analysis: in a nutshell
Signal has 3 neutrinos that cannot be detected, while normalization channel has only one! 

𝐵 → 𝑋8 𝜏 𝜈?

𝜇 𝜈? 𝜈P

𝐵 → 𝑋8 𝜇 𝜈PSignal: Normalization: 

Good observables to distinguish 
contributions are: 

§ Muon energy in the 𝐵 rest frame: 𝑬𝒍

§ Missing	mass	squared:	
𝐌𝒎𝒊𝒔𝒔
𝟐 = 𝒑𝑩 − 𝒑𝑿𝒄 − 𝒑𝝁

𝟐

§ Squared momenta transfer:	
𝒒𝟐 = 𝒑𝑩 − 𝒑𝑫 𝟐

𝐵
𝑋8

𝜇

Consider the system:
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LFU in LHCb: hadronic vs muonic
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𝐵𝑅(𝐵 → 𝑋8𝜏J𝜈?)
𝐵𝑅(𝐵 → 𝑋8𝑙J𝜈3)
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! Hc(X), where X represents any possible un-
reconstructed particle. This reconstruction method has been used for the R(D⇤),
R(D) and R(J/ ) measurements [44–52].

• Hadronic decays contain two neutrinos in the final state hence with a better con-
strained topology. Signal events can have one or three pions and are called 1-prong
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modes enable the ⌧ vertex reconstruction, therefore are preferred to the 1-prong
ones. One of the biggest source of background is due to B hadrons decaying into
doubly-charmed final states Hb ! HcD(X), where the D meson decay inclusively
into three pions. Besides, one of the main di↵erences from the reconstruction with
leptonic decays is that the Hb ! Hcµ⌫µ and Hb ! Hce⌫e channels are not measured
simultaneously with the ⌧ final state. Therefore the branching fraction values are
taken from external measurements. This reconstruction method has been used for
the R(D⇤), R(D) and R(⇤+

c
) measurements [53–55].

R(Hc) has been measured both at B Factories, by Belle and BaBar, and at LHC by LHCb.
In particular, LHCb measured R(J/ ) and R(⇤+

c
) using a

p
s = 7, 8 TeV data sample,

corresponding to an integrated luminosity of 3 fb�1 [52, 55]. A value of R(J/ ) equal to
0.71±0.17±0.18, where the first term of the uncertainty is due to statistics and the second
to the systematics, is found. This lies within 2 standard deviations above the SM predicted
range of (0.25, 0.30) [56–59]. Concerning R(⇤+

c
), the result is 0.242±0.026±0.040±0.059,

with the third uncertainty term due to external measurements, in agreement with the SM
expectations.

Concerning the R(D) and R(D⇤) observables, these are predicted to be R(D) =
0.298 ± 0.004 and R(D⇤) = 0.254 ± 0.005, respectively, by di↵erent groups [38,60–68]. In
Figs. 3.3 and 3.4 these values are compared with the experimental measurements published

29

𝑹 hadronic: 𝝉0 → 𝝅0𝝅J𝝅0 𝝅𝟎 𝝂𝝉

§ ‘Only’ two neutrinos in the final 
state

§ Three charged tracks enable tau 
vertex reconstruction

§ Lower yields due to smaller BF

𝑹 muonic: 𝝉0 → 𝝁0𝝂𝝁 𝝂𝝉

§ Same final state as normalization 
for the ratio

§ Larger yields

§ Challenging to distinguish 𝜇 from 𝜏
(3 neutrinos in the final state!)

PDG 2023
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https://academic.oup.com/ptep/article/2022/8/083C01/6651666
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Hadronic analysis

𝑅 𝐷 ∗ $ =
𝐵𝑅(𝐵J → 𝐷 ∗ $𝜏J𝜈?)
𝐵𝑅(𝐵J → 𝐷 ∗ $𝑙J𝜈3)

Using 3-prong hadronic decays:

§ Despite having lower BF, it offers an easier 
reconstruction.

§ Similar topology to normalization channel, which 
allow us to reduce systematicsIn practice, as usual, we compute this as 

a dual ratio using a control channel

𝑅 𝐷 ∗ $ =
𝐵𝑅(𝐵J → 𝐷 ∗ $𝜏J𝜈?)
𝐵𝑅(𝐵J → 𝐷 ∗ $𝑙J𝜈3)

=
𝐵𝑅(𝐵J → 𝐷 ∗ $𝜏J𝜈?)
𝐵𝑅(𝐵J → 𝐷$𝐷oJ)

𝐵𝑅(𝐵J → 𝐷$𝐷oJ)
𝐵𝑅(𝐵J → 𝐷 ∗ $𝑙J𝜈3)

External inputs

Normalization 
channel
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Analysis strategy

𝑅 𝐷 ∗ $ =
𝐵𝑅(𝐵J → 𝐷 ∗ $𝜏J𝜈?)
𝐵𝑅(𝐵J → 𝐷 ∗ $𝑙J𝜈3)

=
𝐵𝑅(𝐵J → 𝐷 ∗ $𝜏J𝜈?)
𝐵𝑅(𝐵J → 𝐷$𝐷oJ)

𝐵𝑅(𝐵J → 𝐷$𝐷oJ)
𝐵𝑅(𝐵J → 𝐷 ∗ $𝑙J𝜈3)

Run II analysis (2016-2018 data)

3D simultaneous signal fit to properly 
identify all components:

§ 𝝉 decay time: sensitivity to discriminate 
against prompt and other charm decays

§ 𝒒𝟐 = 𝒑𝑩 − 𝒑𝑫𝟎
𝟐 momenta transfer: 

discriminates between the 𝐷$ and 𝐷∗$ signal

§ BDT ouput: trained against 𝐵 → 𝐷 ∗ 𝐷oJ(𝑋)
decays to discriminate most relevant 
background

Invariant mass fit:
Control channel much cleaner with 
almost no background from other sources

External Inputs
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The BDT 
BDT trained to reject dominant 𝑩 → 𝑫 ∗ 𝑫𝒔J(𝑿) backgrounds

Variables chosen to be uncorrelated to 𝑞q and 𝑡? (nominal fit variables)

Soft cut on BDT output  selected, as it is also used as a third variable in the nominal fit

BDT variables:
§ min 𝑚stusv,𝑚svswu

§ max 𝑚stusv,𝑚svswu

§ 𝑚susu

§
yz({)

yz |s Jyz({)
§ 𝑁{(Δ𝑅 < 0.4), where Δ𝑅 is the radius 

of the cone around 𝛾

Best cut selected maximizing

𝐹𝑜𝑀 =
𝑆
𝑆 + 𝐵

𝜖�

𝑞q = 𝑝� − 𝑝�� q

𝜏 → 𝜋J𝜋�0𝜋q0

LHCb Unofficial



12

Background studies. Control samples:

Despite all the selection steps, an important portion of the data sample is still dominated by 
background events. These are modelled using templates extracted from simulated events.

Data control samples are produced to improve background modelling. The backgrounds 
components considered are:

§ 𝐵 → 𝐷
$
𝐷�J(𝑋) decays

§ 𝐵 → 𝐷
$
𝐷�J 𝑋 with 𝐷� → 3𝜋(𝑋)

§ 𝐵 → 𝐷
$
𝐷J(𝑋) decays

§ 𝐵 → 𝐷
$
𝐷$(𝑋) decays

§ 𝐵 → 𝐷
$
3𝜋(𝑋) prompt decays

?

?

?
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Background studies. Control samples:

Despite all the selection steps, an important portion of the data sample is still dominated by 
background events. These are modelled using templates extracted from simulated events.

Data control samples are produced to improve background modelling. The backgrounds 
components considered are:

§ 𝐵 → 𝐷
$
𝐷�J(𝑋) decays

§ 𝐵 → 𝐷
$
𝐷�J 𝑋 with 𝐷� → 3𝜋(𝑋)

§ 𝐵 → 𝐷
$
𝐷J(𝑋) decays

§ 𝐵 → 𝐷
$
𝐷$(𝑋) decays

§ 𝐵 → 𝐷
$
3𝜋(𝑋) prompt decays

LHCb Unofficial
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Control samples: 𝑩 → 𝑫
𝟎
𝑫𝑺J(𝑿) events

Control sample for 𝐷
$
𝐷oJ selected by studying the events with 𝑚 3𝜋 = ±20 MeV/cq around the 𝐷oJ

mass.
The control sample is split in two:

§ 𝐷
$
𝐷oJ sample by adding a 𝐷∗0 veto

§ 𝐷∗0𝐷oJ sample by studying events with 𝑚 𝐷
$
𝜋0 − 𝑚 𝐷

$
= 143,148 MeV/cq (anti 𝐷∗0 veto)

§ Simultaneous fit of 𝑚(𝐷
$
𝐷oJ) and 𝑚(𝐷∗0𝐷oJ) to extract ratios between all components:
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Control samples: 𝑩 → 𝑫
𝟎
𝑫𝑺J(𝑿) events

Simultaneous fit produces ratios between components that are used as weights in the nominal fit

These ratios enter as weights in the MC to generate background teamplates in the signal fit.

Some of these components enter in the fit gaussianly constrained using their uncertainty
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Signal components as well 
as the 𝐷�J background 
randomly scaled to blind 
the results.

Signal fit: Results

LHCb Unofficial

LHCb Unofficial

LHCb Unofficial

LHCb Unofficial
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Normalization fit: Results
Normalization yield extracted from a fit on the deconvoluted  mass:

§ Crystall Ball (Normalization) + Exponential (Background) model 
used to describe the data. With CB tail parameters fixed from fit 
in simualtion

LHCb Unofficial LHCb Unofficial
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Gathering all the ingredients

𝑅 𝐷 ∗ $ =
𝐵𝑅(𝐵J → 𝐷 ∗ $𝜏J𝜈?)
𝐵𝑅(𝐵J → 𝐷 ∗ $𝑙J𝜈3)

=
𝐵𝑅(𝐵J → 𝐷 ∗ $𝜏J𝜈?)
𝐵𝑅(𝐵J → 𝐷$𝐷oJ)

𝐵𝑅(𝐵J → 𝐷$𝐷oJ)
𝐵𝑅(𝐵J → 𝐷 ∗ $𝑙J𝜈3)

LHCb Unofficial

LHCb Unofficial
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Systematic uncertainties

Last step (ongoing!) is the complete assesment of systematic uncertainties. 
Dominant contributions have been studied, only minor ones remaining:

- PID efficiency
- Background shapes
- ...

LHCb Preliminary Unofficial
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Blinded Results 
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Future Prospects: Beyond this analysis

Still a lot of work to do with the available 
data!

§ Reduction of systematics due to many 
factors (better understanding of 
backgrounds, improvement in 
simulation, new theory inputs...)

§ Future LHCb measurements include: 
𝑅(𝐷o), 𝑅 𝐷∗∗ ,
𝐻𝑎𝑑𝑟𝑜𝑛𝑖𝑐 𝑅 𝐷 𝑎𝑛𝑑 𝑅 𝐷∗ , 𝑅(Λ8∗ ) and 
more!

§ And even more data coming from the 
new LHC era!

RevModPhys.94.015003

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.94.015003
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Conclusions

𝜏
𝜇

SM

§ Lepton Flavour Universality tests can be a window 
to NP

§ Still some tension can be seen in a few observables 
with respect SM predictions, we need to keep 
improving to find a clear picture!

§ LHCb has a important role in uncovering the final 
picture, with many LFU test results in the last few 
years and more to come

§ Simultaneous 𝑅(𝐷$) and 𝑅 𝐷∗$ measurement with 
hadronic 𝜏 soon to be added to the global 
combination.



Thank you for 
your attention.
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Efficiencies
Last remaining ingredient 
for the computation of the 
LFU ratios is the signal 
and normalization 
efficiencies, which are 
extracted directly from 
simulation

In addition, for the 
computation of 𝑅 𝐷$ and 
𝑅 𝐷∗$ some other 
external parameters are 
required

𝑓|s� : ratio of 𝐵 → 𝑋𝜏𝜈?, 𝜏 → 3𝜋𝜈 with respect total 
number of 𝐵 → 𝑋𝜏𝜈?

𝑓�∗v/�∗�: ratio of 𝐵$ → 𝐷∗0𝜏J𝜈 with respect 𝐵J → 𝐷∗$ 𝜏J𝜈


