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Lepton Flavour Universality

• Lepton Flavour Universality is one of many « ad hoc » symmetries
and « pillars » of the Standard Model
• Baryon number, lepton number, (charged) lepton flavour,…

• It postulates that the properties of the three charged leptons (e,m,t) 
are the exactly the same beside their mass

• This does not need to be the case in many New Physics models

• First hints of Lepton Flavour Universality violation appeared 10 years
ago with BABAR publication regarding semi-tauonic B decays

• This field became « the hottest game » in town with results coming
both from charged and neutral currents
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CC LFUV characteristics

• Abundant reaction BR ~1%

• High precision of SM prediction ~1%

• Charged Higgs, Leptoquarks are the usual suspects

• Sensitivity in the TeV range: direct search possible at the LHC : however many scenarios still open 
after taking into account the present direct exclusions domains

• If the  present WA average is correct, , R(D*)/R(D*)SM=1.23: Large new physics effects !!

• Possibility to measure the effects for various B parents and charm spectators : the importance of 
the spin : Λ𝑏

0 → Λ𝑐
+t-n̅t

• Sensitivity not only on the yield but also in the internal characterics of the event (q2 and angular
distributions)

• New physics can couple differently to Vcb and Vub transitions

• Therefore , very important to get a high statistics sample as pure as possible !
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The pioneering BABAR 2012 result
PRL109,  101802(2012)

FPCP Conference, June 5 2017, Prague 5

• At the Y(4S), the strategy is a priori  
simple :
• Reconstruct a « tag » B to gain access

to the other B center of mass frame 
and thus to the missing mass

• Select events with D*m topology on 
the signal side

• Count events with m much softer
than for normal semileptonic decays

• The winning « trick » : much higher
efficiency reconstruction of the 
« tag » B particle



Other R(D*)  results up to now

• 3 new measurements by BELLE collaboration
• Hadronic tag as for BABAR-leptonic tau decay

• PRD92, 072014(2015)

• Semileptonic Tag , more statistics but worse CM and missing mass resolution-
leptonic tau decay
• PRD94, 072007 (2015)

• Hadronic tag –hadronic tau decay in p/pp°. Important to access tau 
polarization information. Real challenge to fight hadronic background
• PRL118,211801 (2017),  arXiv1612. 00529

• 1 new mesurement from LHCb collaboration
• PRL115, 1183(2015)

• Muonic tau decay in a hadronic collider !!!!
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LHCb muonic result (2015)

FPCP Conference, June 5 2017, Prague
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Measurement of semitauonic decays at LHCb
using the hadronic decay t-→ p –p+p – (p 0 )nt

• Similar BR as the muonic channel

• The possibility to measure the t vertex is the key to reject the 
background and obtain a high purity sample

• The 3p dynamics of the t decay is very specific : possible to 
distinguish t decays from the main double charm background from Ds
decays

• The presence of only 2 neutrinos in the final state, coupled to the 
vertices reconstruction, allows to reconstruct the complete event
kinematics: good precision on  q2 and cosq* 

• Background control samples with exclusive mass peaks
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The initial very large background : example of 
B0
èD*tn

• The D*tn decay, with t going into 3 pions (it can also be 3p+p0) leads
to a D* 3p(+X ) final state

• Nothing is more common than a D*3p (+X ) final state in a typical B 
decay : 

BR(B0
èD*3p+X)/BR(B0

èD*tn;tè3p)SM~100

9
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A very strong background suppression 
method is absolutely needed :
The DETACHED VERTEX METHOD



Vertex topology of the usual B decay
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Selection: detached vertex
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Selection: the detached vertex method
LHCb-PAPER-2017-027 
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The second level of background : double
charm
• The second gate consists of B0 decays where the 3p vertex is

transported away from the D0 vertex by a charm carrier: Ds, D
+ or D0

(in that order of importance)

• This gate is thinner :

BR(B0 ->D* ’D’; ‘D’è 3pX)/ BR(B0->D*tn;t->3p)SM~10
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Opening the second gate !

• LHCb has  three very good weapons to blow this door away:
• Background partial reconstruction

• 3p dynamics

• Neutral isolation

14IHEP seminar March 13, 2017
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Most recent update of R(D*)-R(D) status
BR(B→D(*)tn)/BR(D(*)mn)
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3.4 s
discrepancy
with SM 
prediction



Observation of the decay
Λ𝑏
0 → Λ𝑐

+t-n̅t

with t-→ p –p+p – (p 0 )nt decay
LHCb-PAPER-2021-044 

arxiv:2201:03497
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Why Lepton Flavour Universality
tests with Λ𝑏

0 are interesting ?

• Lepton Flavour Universality violation hints in the meson sector R(D*)-R(D) :  
3.4 s away from SM in the latest 2021 HFLAV update

• With spin ½ spectator, the baryonic channel adds a very complementary test

• Similar precision on SM prediction with lattice QCD computations

R(Λ𝑐
+)SM= 0,324 ± 0,004 F. Bernlochner et al., Physical Review D 99 055008 (2019)

with input from  Lattice QCD FF:  W. Detmold, C. Lehner, S. Meinel, Physical Review D 92 034503 (2015) 

• But different NP couplings: could help pin down NP source 

• Unique to LHCb. Never searched for before! 
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R(Λ𝑐
+) ≡B(Λ𝑏

0 → Λ𝑐
+t-n̅t)/B(Λ𝑏

0 → Λ𝑐
+ m−n̅m)



NP expectations for R(Λ𝑐
+)  in various models

A. Datta et al., Journal of High Energy Physics 1708 (2017) 131
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NP predictions with all present constraints from the meson sector

R(Λ𝑐
+) can be below

or well above SM , 
when satisfying
R(D*)-R(D) 
constraints
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R(Λ𝑐
+) analysis workflow with t-→p-p+p–(p0)nt

• Tight Λ𝑐
+ PID selection in pKp mode. Λ𝑐

+ sideband template used in the 
signal fit to remove the background under the Λ𝑐

+ peak

• Combine with detached p-p+p– triplet forming t – candidates

• Prompt background rejection thanks to vertex topology

• Reconstruct decay kinematics

• 𝐷𝑠
− and 𝐷0 exclusive peaks to control double charm background

• Anti-𝐷𝑠
− to reject double charm background

• Normalisation channel : Λ𝑏
0 → Λ𝑐

+p-p+p– (without Λ𝑐
∗+p-) [same final state 

and similar dynamics]
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Tight Λ𝑐
+ selection
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LHCb-PAPER-2021-044 
arxiv:2201:03497



R(Λ𝑐
+) analysis workflow

• Tight Λ𝑐
+ PID selection. Λ𝑐

+ sideband template used in the signal fit to 
remove the background under the Λ𝑐

+ peak

• Combine with detached p-p+p– triplet forming t– candidates

• Prompt background rejection thanks to vertex topology

• Reconstruct decay kinematics

• 𝐷𝑠
− and 𝐷0 exclusive peaks to control double charm background

• Anti-𝐷𝑠
− to reject double charm background

• Normalisation channel : Λ𝑏
0 → Λ𝑐

+p-p+p– (without Λ𝑐
∗+p-) [same final state 

and similar dynamics]

Flavor at the crossroards , Mainz,  April 25 2022 22



Flavor at the crossroards , Mainz,  April 25 2022 23



Flavor at the crossroards , Mainz,  April 25 2022 24



« Prompt » background rejection

Flavor at the crossroards , Mainz,  April 25 2022

Prompt rejection  ~5x103 level
after the 5s inversion cut
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Control of the suppression factor with the 
normalisation channel : Λ𝑏

0 → Λ𝑐
+p –p+p –

Flavor at the crossroards , Mainz,  April 25 2022 26

Before inverted topology cut After inversion
LHCb-PAPER-2021-044 arxiv:2201:03497



R(Λ𝑐
+) analysis workflow

• Tight Λ𝑐
+ PID selection. Λ𝑐

+ sideband template used in the signal fit to 
remove the background under the Λ𝑐

+ peak

• Combine with detached p-p+p – triplet forming t – candidates

• Prompt background rejection thanks to vertex topology

• Reconstruct decay kinematics

• 𝐷𝑠
− and 𝐷0 exclusive peaks to control double charm background

• Anti-𝐷𝑠
− to reject double charm background

• Normalisation channel : Λ𝑏
0 → Λ𝑐

+p-p+p– (without Λ𝑐
∗+p-) [same final state 

and similar dynamics]
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Reconstruction of the kinematics

Flavor at the crossroards , Mainz,  April 25 2022 28

• Using the position of the three
vertices, the direction of flight of 

the Λ𝑏
0 and of the t particles can be

reconstructed.
• The momenta of these 2 particles

by solving two 2nd-degree equations
• t pseudo decay time and q2 can be

measured with a 15% resolution



Background Partial reconstruction

29LAL Orsay seminar, June 21 2017



R(Λ𝑐
+) analysis workflow

• Tight Λ𝑐
+ PID selection. Λ𝑐

+ sideband template used in the signal fit to 
remove the background under the Λ𝑐

+ peak

• Combine with detached p-p+p– triplet forming t – candidates

• Prompt background rejection thanks to vertex topology

• Reconstruct decay kinematics

• 𝐷𝑠
− and 𝐷0 exclusive peaks to control double charm background

• Anti-𝐷𝑠
− to reject double charm background

• Normalisation channel : Λ𝑏
0 → Λ𝑐

+p-p+p– (without Λ𝑐
∗+p-) [same final state 

and similar dynamics]
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The control channels Ds, D°, 
and D+

FPCP Conference, June 5 2017, Prague 31

D+

D+ peak : Anti-PID cut
Dèès

D°

D+

Run 1, 3 fb-1

D0 peak : Anti-Isolation cut

Ds

D+

Anti-PID

D°
Anti-Isolation

Ds

D°
AntiIsolation

D+

Anti-PID

LHCb-PAPER-2017-017



The anti-Ds BDT : 3p dynamics, partial 
reconstruction and isolation

LAL Orsay seminar, June 21 2017 32

Min(mass(p+p-))     Max(mass(p+p-))   

E(n)                          mass(D*+p-p+p-)   

Neutral Isolation   

Blue : t decays
Red : Ds background
LHCb simulation



BDT results

LAL Orsay seminar, June 21 2017 33

• Good separation
obtained

• Allows to select an 
high purity sample
at high efficiency

• Charged Isolation 
and PID cuts are 
also required to 
select candidates

LHCb-PAPER-2017-017, in preparation



The Ds decay model fit at low BDT

LAL Orsay seminar, June 21 2017 34LHCb-PAPER-2017-017



The importance of the « Ds-o-meter »
• The minimum p+p- mass contains critical information about the rate of h and h’ decays

• At low mass, only h and h’ (red,green)  contributions are peaking

hèp+p- p° and h’è h p+p-

• At the r mass where the signal lives, only h’ contributes (h’è rg)

• Using the low BDT region, one constraints the Ds decay model to be used at high BDT

LAL Orsay seminar, June 21 2017 35



Distribution of the 3p mass after final selection
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BR(𝑫𝒔
− →3pX)~ 30xBR(𝑫𝒔

− → ppp)

No candidates above the 𝐷𝑠
−

mass : completely dominated
by double charm background

LHCb-PAPER-2021-044 
arxiv:2201:03497

𝐷𝑠
(∗,∗∗)−

, 𝐷(∗)0K-, 𝐷(∗)+K0

The double charm
background



Distribution of the K+ 𝜋−𝜋+𝜋− mass for events
with one extra kaon track at the 3p vertex
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The exclusive Λ𝑐
+𝐷𝑠

− 𝑋 control sample
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Fit to the Lb→L+
cp

–p+p- mass distribution                                      Projection on q2

LHCb-PAPER-2021-044 arxiv:2201:03497



R(Λ𝑐
+) analysis workflow

• Tight Λ𝑐
+ PID selection. Λ𝑐

+ sideband template used in the signal fit to 
remove the background under the Λ𝑐

+ peak

• Combine with detached p-p+p– triplet forming t – candidates

• Prompt background rejection thanks to vertex topology

• Reconstruct decay kinematics

• 𝐷𝑠
− and 𝐷0 exclusive peaks to control double charm background

• Anti-𝐷𝑠
− to reject double charm background

• Normalisation channel : Λ𝑏
0 → Λ𝑐

+p-p+p– (without Λ𝑐
∗+p-) [same final state 

and similar dynamics]
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3D Fit results

• The fit is a 3D binned (6x6x6) maximum likelihood template fit to the 
data 

• 3 variables :
• t decay time

• q2

• Anti-𝐷𝑠
− BDT

• Fit results : 
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Signal yield = 349 ± 40
Lc

*tn =35
N 𝐷𝑠

− =2757 ± 80
N 𝐷+= 443 ± 55
N 𝐷0 = 186 ± 7
Combinatorial 679 

c2/dof=1.3



Results of the nominal fit 
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Fit projections : t decay time and BDT
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LHCb-PAPER-2021-044 arxiv:2201:03497



Fit projection :  q2   

Low  BDT                             High BDT(>0.66)
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LHCb-PAPER-2021-044 arxiv:2201:03497



Observation of the decay Λ𝑏
0 → Λ𝑐

+t-n̅t

• Increase of  fit c2 with signal forced to 0 :  7.3 s statistical only

• Increase of  fit c2 with signal forced to 0  after inclusion of systematic
uncertainty (dominated by  template shapes):  6.1 s

• We can claim observation of the decay Λ𝑏
0 → Λ𝑐

+t-n̅t ! 
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R(Λ𝑐
+) analysis workflow

• Tight Λ𝑐
+ PID selection. Λ𝑐

+ sideband template used in the signal fit to 
remove the background under the Λ𝑐

+ peak

• Combine with detached p-p+p– triplet forming t – candidates

• Prompt background rejection thanks to vertex topology

• Reconstruct decay kinematics

• 𝐷𝑠
− and 𝐷0 exclusive peaks to control double charm background

• Anti-𝐷𝑠
− to reject double charm background

• Normalisation channel : Λ𝑏
0 → Λ𝑐

+p-p+p– (without Λ𝑐
∗+p-) [same final state 

and similar dynamics]
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Λ𝑏
0 → Λ𝑐

+p-p+p– normalisation peak

Flavor at the crossroards , Mainz,  April 25 2022

Comparison of the 3p mass distribution for Λ𝑐
+3p and 

D*3p events before and after Λ𝑐
∗+p events removal

46

Normalisation yield after Λ𝑐
∗+

subtraction:        8584 ± 102
LHCb-PAPER-2021-044 

arxiv:2201:03497



Distribution of the difference m(Λ𝑐
+p+p- )-m(Λ𝑐

+ )
in the Λ𝑏

0 → Λ𝑐
+ 𝜋−𝜋+𝜋− mass peak
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Regarding Λ𝑐
+p+p-p+ mode: PDG2020

For Λ𝑐
+p+p-p+ data, the PDG error is 14%. (a bit better for some reason than the 

combination of the 8% of the absolute BR(Λ𝑏
0
è Λ𝑐

+ p-) and the 13.5% ratio 
coming from the ratio.)
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Largest systematic : template shapes
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LHCb-PAPER-2021-044 arxiv:2201:03497



• UsingB(Λ𝑏
0 → Λ𝑐

+ 𝜋−𝜋+𝜋−)no Λ𝑐
∗+ =(0. 614 ± 0.094)%  [PDG2020],

B(Λ𝑏
0 → Λ𝑐

+t-n̅t)=(1,50 ± 0,16 (stat) ± 0,25 (sys) ± 0,23 (ext)) % 
(SM expectation=(1.8± 0.1 )%

• Using B(Λ𝑏
0 → Λ𝑐

+ m−n̅m) = (6.2 ±1.4)% [PDG2020], 

R(Λ𝑐
+)=0.242 ± 0.026 (stat) ± 0.040 (syst) ± 0.059 (ext)

Flavor at the crossroards , Mainz,  April 25 2022

K(Λ𝑐
+) ≡B(Λ𝑏

0 → Λ𝑐
+t-n̅t)/B(Λ𝑏

0 → Λ𝑐
+p-p+p–) 

K(Λ𝑐
+) = 2.46 ± 0,27 (stat) ± 0,40 (syst)

Physics results

50

(SM expectation=0.324 ± 0.004)
F. Bernlochner et al., Physical Review D 99 055008 (2019) 
with input from W. Detmold, C. Lehner, S. Meinel, Physical Review D 92 034503 (2015) 

LHCb-PAPER-2021-044 
arxiv:2201:03497



Constraints on New Physics models
(including all meson-based results)
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A. Datta et al., Journal of High Energy Physics 1708 (2017) 131

Our result excludes regions of the parameter
space of effective theories with only one 

vector, axial-vector or tensor coupling



Constraints fromR(D*)-R(D) for effective 
model with one mediator
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A. Datta et al., Journal of High Energy Physics 1708 (2017) 131

Scalar

TensorVector

Pseudoscalar



Constraints with a SM-like R(Λ𝑐
+)
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A. Datta et al., Journal of High Energy Physics 1708 (2017) 131

Scalar

Tensor
Vector

Pseudoscalar



(Constraints with a large R(Λ𝑐
+) )
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A. Datta et al., Journal of High Energy Physics 1708 (2017) 131

Vector

Scalar

Tensor

Pseudoscalar



Future of some systematic uncertainties: 
D**  feed-down

FPCP Conference, June 5 2017, Prague 55

• B°è D** tn and B+
èD**°tn constitute potential feeddown to the signal

• New R(D**) SM predictions rather low (denomitaor is BR(B->D**mn)

• All experiments are taking more conservative assumptions regarding the D** 
rate. This could enhance the discrepancy by 0.5 s

• Experimental measurement of D**°(2420) the way :

All detached vertices Detached vertice for BDT>.0.1

Florian U. Bernlochner, Manuel Franco Sevilla,
Dean J. Robinson, and Guy Wormser
Rev. Mod. Phys. 94, 015003



Future of some systematic uncertainties:
A little promenade through Ds decays
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Upcoming analysis using 3p channel

• R(D*) with 2015-2016 data (x2 compared to what is published)

• D* polarization in D*tn events

• R(D**°(2420))

• In a longer term
• Legacy measurement with the full run 2 for R(D*), R(Lc), R(D°,D+,Ds)

• Full angular analysis

• R(J/y)

• Similar set of measurements also worked on using the muonic
channel

Flavor at the crossroards , Mainz,  April 25 2022 61



Flavor at the crossroards , Mainz,  April 25 2022 62



Conclusion regarding Λ𝑏
0 → Λ𝑐

+t-n̅t

• The decay Λ𝑏
0 → Λ𝑐

+t-n̅t has been observed for the first time with
a significance of 6.1 s
•K(Λ𝑐

+)  = 2.46 ± 0.27 (stat) ± 0.40 (syst)

•B(Λ𝑏
0 → Λ𝑐

+t-n ̅t)= (1,50 ± 0,16 (stat) ± 0,25 (sys) ± 0,23 (ext))  %
•R(Λ𝑐

+)=0.242 ± 0.026 (stat) ± 0.040 (syst) ± 0.059 (ext)

• Everything compatible with SM (~1 s below)

• A fraction of the parameter space of effective theories with only one 
vector, axial-vector or tensor couplings can be excluded
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LHCb-PAPER-2021-044 
arxiv:2201:03497



Conclusions regarding semileptonic decays

• Present hint of 3.4 s deviation from SM in R(D*)-R(D)

• New LHCb result on R(Lc) compatible with SM and exclusing some NP 
scenarios

• This will be resolved one way or another in the next years due to an 
upcoming wealth of new measurements from LHCb:
• R ratios for many particles : D*, D**, D+,D°,Lc,Ds, J/y, 

• D* polarization, full angular analysis

• Higher signal/noise using 3p mode

• Belle-II will also participate to this exciting game
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Backup
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Subtracting Λ𝑐
∗+p -

for a total of (20.3±4) % of the full 
Λ𝑐
+p-p+p- yield. This corresponds to 

a total error of 14.8% . 
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Regarding Λ𝑐
+m-n̅m

• 22.6% for the semileptonic channel
• Combining with the Λ𝑐

+p-p+ p- the crude number is 27%.
• It reduces to 24% by removing the 13% relative error 

mentioned in the PDG for their fLb fraction (8.4+1.1)%
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Baryon production from B mesons
• The only way to get Lc 3p with the inverted vertex topology is the 

production of two charmed baryons
• Two such decays exist

• Two-body mode B°→ Lc Xc BR =(0,12+_ 0.08)%  similar to signal mode
• Three-body mode B°→ Lc Lc K° (can come partially from Lc Xc (2930)

BR= (0.04+_0.009)%

The decay Xc→ X 3p (BR=1.7%) or Lc→L3p (BR=5%) is then needed
(The 3 pions have to come from the same vertex)
• Small but fd=4*fL

Important to note that mass(3p) <1.1 GeV
• B+ contribution suppressed by isolation requirements
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Combined interpretation in a ~TeV vector
leptoquak model (U1)
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C. Cornella et al., https://arxiv.org/pdf/2103.16558.pdf



Best fit includingR(D(*))-R(K) 
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C. Cornella et al., https://arxiv.org/pdf/2103.16558.pdf



Role of the direct LHC searches

Flavor at the crossroards , Mainz,  April 25 2022 80
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In this model, Lepton Flavour violation should
be seen (B→mt, Kmt)
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For Belle-II, large deviation expected in B→Knn̄
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RPV3  : another model that can accomodate
all present LFU results + g-2 
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