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Lepton Flavour Universality (LFU)
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ØIn Standard Model, electroweak couplings to 
each lepton generation are identical (except 
Yukawa). 

ØCouplings affected by New Physics (NP) 
contributions (particularly 3rd gen. of leptons).

ØRatio of branching fraction (BF) of different 
lepton species ideal for testing LFU.  

𝑅 𝑋! = "# $#→$$&'
"#($#→$$&%')

NP

SM

𝑙, 𝑙& ∈ (𝑒, 𝜇, 𝜏)
57th Recontres de Moriond 2023

[PRD 85, 094025 (2012), 
PLB 755, 270 (2016)]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025
https://www.sciencedirect.com/science/article/pii/S0370269316001143?via%3Dihub


LFU ratio

4

Ø Good statistical precision: Thanks 
to large b-hadron production and 
large BF. 

Ø Theoretically and experimentally 
“clean”: Common systematic and 
hadronic form factor uncertainties 
mostly cancel.

Ø Missing neutrinos in the final 
state, affects the resolution of the 
observables @ LHCb.

Ø Large partially reconstructed 
background contamination.

Ø Large simulation samples needed 
for modelling signal and bkg. 

𝑅 𝑋! = "# $!→$"&'
"#($!→$"&#')

57th Recontres de Moriond 2023

𝑙, 𝑙& ∈ (𝑒, 𝜇, 𝜏)

Advantages Challenges
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Hints of LFU

557th Recontres de Moriond 2023

Before Dec 2022: 
𝟑. 𝟑𝝈 tension wrt SM

[PRL 128 (2022) 191803]

[PRL 120 (2018) 121801]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801


Two new players from LHCb
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ØCombined measurement of 𝑹(𝑫) and 𝑹(𝑫∗) with 
muonic 𝝉 decay.
ØSuperseeding previous analysis (Run I data). 

ØMeasurement of 𝑹(𝑫∗) with hadronic 𝝉 decay. 
ØUpdates previous analysis using partial Run II data. 

57th Recontres de Moriond 2023

Announced in 
December 2022
[arXiv:2302.02886] 
(Submitted to PRL)

Announced
@ La Thuile

[LHCb-PAPER-2022-052]
(In-preparation)

https://arxiv.org/abs/2302.02886


Combined measurement of 
𝑹(𝑫∗) and 𝑹(𝑫)

7

Credits: Nat Geo



Signal and normalisation

857th Recontres de Moriond 2023

Signal

Normalisation

ØUse Run 1 ( 3 𝑓𝑏$%) data. 
ØUse muonic 𝜏 decay with large BF 

(~17.4%). 
ØSignal decays: '𝐵& → 𝐷∗(𝜏$𝑣̅), 
B$ → 𝐷∗&𝜏$𝑣̅) and B$ → 𝐷&𝜏$𝑣̅).

ØUse two disjoint samples: 
• [𝑫∗(𝝁$]: Signal '𝐵& → 𝐷∗(𝜏$𝑣̅).
• 𝑫𝟎𝝁$ veto 𝑫∗(: All 3 signals.

ØUse as normalisation semi-muonic 
decay (~ 20 times signal).

𝜇

[arXiv:2302.02886] 
(Submitted to PRL)

https://arxiv.org/abs/2302.02886


Separate signal and normalisation

957th Recontres de Moriond 2023

ØRequire good separation w.r.t 
normalisation mode. 

ØFor this, reconstruct B 
momentum (~20% resolution):
• 𝑝!" using flight direction.
• 𝑝!

∥ using boost approx. 
𝑝!
∥ ∝ 𝑝$%&

∥

ØUse discriminating variables: 
𝑞', 𝑚(%&&

' and 𝐸)∗.

𝒒𝟐 = 𝑷𝑩 − 𝑷𝑫 𝟐

𝑬𝒍∗𝒎𝒎𝒊𝒔𝒔
𝟐 = 𝑷𝑩 − 𝑷𝒗𝒊𝒔 𝟐

Signal
Normalisation

[arXiv:2302.02886] 
(Submitted to PRL)

https://arxiv.org/abs/2302.02886


Other backgrounds

1057th Recontres de Moriond 2023

ØFeed-down bkg: Reduced with isolation requirement (MVA based) and modelled using 
simulation. 

ØMisidentified 𝐊0/𝝅0 → 𝝁0 bkg:  Reduced with PID cuts (improved muon ID) and 
modelling using data (𝐷(∗)ℎ0 where ℎ ∈ 𝐾, 𝜋, 𝑝, 𝑒, 𝑓𝑎𝑘𝑒 ).

ØFake 𝑩 and fake 𝑫∗bkg: Reduced with vertex quality cuts and modelled using data 
(𝐷(∗3)𝜇3 and 𝐷4𝜋0𝜇0).  

𝑋 𝑙!

𝐷

𝜈̅"

𝑙!

𝜈̅"

𝑙!

*𝑩 → 𝑫(∗)𝑫 → 𝒍$𝑿 𝑲*𝑩 → 𝑫∗∗(→ 𝑫(∗)𝝅$) 𝒍$𝝂 *𝑩 → 𝑫∗∗(→ 𝑫(∗)𝝅$𝝅%) 𝒍$𝝂

𝐿𝑖𝑔ℎ𝑡 𝐷∗∗ ∈ [𝐷", 𝐷#∗, 𝐷"$ , 𝐷%∗] 𝐻𝑖𝑔ℎ𝑒𝑟 𝐷∗∗ + 𝑁𝑜𝑛 𝑅𝑒𝑠

[arXiv:2302.02886] 
(Submitted to PRL)

𝑋

https://arxiv.org/abs/2302.02886


Fit for signal (𝐷∗%𝜇&)

1157th Recontres de Moriond 2023

Ø3D maximum likelihood 
template fit to 𝑞H (4 𝑏𝑖𝑛𝑠), 
𝑚IJKK
H and 𝐸L∗. 

ØSimultaneous fit to 8 samples: 
For each [𝐷∗3𝜇0] and 𝐷4𝜇0 : 
Ø1 signal region 
Ø3 control regions enriched in 

bkg (using reversed isolation 
requirements).  

𝑫∗"𝝁# sample

3𝐵$ → 𝐷∗"𝜇#𝑣̅% = 324𝑘

[arXiv:2302.02886] 
(Submitted to PRL)

https://arxiv.org/abs/2302.02886


Fit for signal (𝐷'𝜇&)

1257th Recontres de Moriond 2023

ØForm factors (FF) for signal:
Ø𝐷∗?: BGL 

[JHEP 11 (2017) 061, JHEP 12 (2017) 060]

Ø𝐷@: BCL
[PRD 92 (2015) 054510]. 

Ø𝐷∗∗: Bernlochner & Ligeti 
[PRD 95 (2017) 014022]

ØHelicity-suppressed terms 
constrained and other FF 
param. are inferred from fit. 

𝑫𝟎𝝁# sample

𝐵# → 𝐷$𝜇#𝑣̅% = 354𝑘
𝐵# → 𝐷∗$𝜇#𝑣̅% = 958𝑘
3𝐵$ → 𝐷∗"𝜇#𝑣̅% = 44𝑘

[arXiv:2302.02886] 
(Submitted to PRL)

https://link.springer.com/article/10.1007/JHEP11(2017)061
https://link.springer.com/article/10.1007/JHEP12(2017)060
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054510
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.014022
https://arxiv.org/abs/2302.02886


Control regions (𝐷'𝜇&)

1357th Recontres de Moriond 2023

1 extra 𝜋 associated to B vertex 2 extra 𝜋 associated to B vertex

*𝑩 → 𝑫(∗)𝑫 → 𝒍$𝑿 𝑲(∗)

(control phase space 
modelling)

*𝑩 → 𝑫∗∗(→ 𝑫(∗)𝝅$) 𝒍$𝝂
(control FF parameters)

*𝑩 → 𝑫∗∗(→ 𝑫(∗)𝝅$𝝅%) 𝒍$𝝂
(control decay prop.)1 extra 𝐾 associated to B vertex

[arXiv:2302.02886] 
(Submitted to PRL)

https://arxiv.org/abs/2302.02886
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Fit result

1457th Recontres de Moriond 2023

Current result: 𝟏. 𝟗𝝈 wrt SM
WA: 3.3𝜎 → 𝟑. 𝟐𝝈 wrt SM

𝑅 𝐷∗ = 0.281 ± 0.018 ± 0.024
𝑅 𝐷 = 0.441 ± 0.060 ± 0.066

𝜌 = −0.43

Dominant systematics: Simulation sample 
size and modelling of bkg. 

[arXiv:2302.02886] 
(Submitted to PRL)

https://arxiv.org/abs/2302.02886


Measurement of 𝑹(𝑫∗)
with hadronic 𝝉 decay

15

Credits: Nat Geo



Signal and normalisation

1657th Recontres de Moriond 2023

Signal: /𝐵4 → 𝐷∗3𝜏0𝑣̅M

Normalisation: /𝐵4 → 𝐷∗3 3𝜋 ±

ØUse partial Run 2 (2 𝑓𝑏$%) (~1.5 times 
more signal than Run 1).

ØUse hadronic 𝜏 → 3𝜋(𝜋&) decay with 
BF ~ 13.5%. 

ØUse as normalisation hadronic '𝐵& decay.

𝜇

𝜋" 𝜋#
𝜋#

𝜈'

𝜈̅'

𝜋" 𝜋#
𝜋#

Κ 𝐷∗ =
𝐵𝐹( 7𝐵& → 𝐷∗%𝜏$𝑣̅')
𝐵𝐹( 7𝐵& → 𝐷∗% 3𝜋±)

𝑅 𝐷∗ = 𝐾 𝐷∗ ×
𝐵𝐹( 7𝐵& → 𝐷∗% 3𝜋±)
𝐵𝐹( 7𝐵& → 𝐷∗%𝜇$𝑣̅))

External 
input

Measure

[LHCb-PAPER-2022-052]
(In-preparation)



𝜋" 𝜋#
𝜋#

𝑋

ØReduce by requiring 𝜏 vertex to be 
downstream w.r.t. the B vertex along the 
beam direction + dedicated BDT classifier. 

ØBkg modelling using simulation. 

Background of  (𝐵' → 𝐷∗% 3𝜋± 𝑋

17

Prominent bkg 
(~ 100 times signal)

Δ𝑧/𝜎%& = 𝑧 3𝜋± − 𝑧 2𝐵( /𝜎%&

[LHCb-PAPER-2022-052]
(In-preparation)



Ø /𝐵4 → 𝐷∗3𝐷K(→ 3𝜋±) 𝑋 bkg reduced with dedicated BDT classifier based on 
kinematics and resonant structure. 

ØOther bkgs 𝐷3(→ 𝐾02𝜋3) and 𝐷4(→ 𝐾03𝜋±) reduced using PID cuts and 
dedicated BDT classifiers, respectively.  

ØModelled using simulations, with corrections from dedicated data control regions.  

“Double charm” background

18

Also a fit 
variable

𝐷&'/𝐷'/𝐷%

𝜋" 𝜋#
𝜋#

𝑋

3𝐵$ → 𝐷∗"𝐷(𝑋 is 2nd prominent bkg 
(~ 10 times signal)

[LHCb-PAPER-2022-052]
(In-preparation)



Modelling of (𝐵' → 𝐷∗% 𝐷)% 𝑋

19

𝑫𝒔3 → 𝟑𝝅±𝑿 decay modes 𝑫𝒔3 production modes
o Control data region: Selected by 

reversing 𝐷4% BDT cut.
o Resonant contrb. from fit to 4 kinematic 

variables and MC samples corrected. 

o Control data region: Events 20 MeV 
around 𝐷4% mass + remove 𝐷4% BDT cut.

o Fractions constrained in the signal fit. 

[LHCb-PAPER-2022-052]
(In-preparation)



Fit for signal

2057th Recontres de Moriond 2023

Ø3D maximum likelihood 
template fit to 𝑞', anti-𝐷&?
BDT output and 𝜏 lifetime. 

ØForm factor correction: 
Ø𝐷∗?: CLN parametrisation

[Nucl. Phys. B 50, 153 (1998)] 

ØSignal and norm. yield: 

B𝐵4 → 𝐷∗3𝜏0𝑣̅P = 2469 ± 154

B𝐵4 → 𝐷∗33𝜋± = 30540 ± 182

[LHCb-PAPER-2022-052]
(In-preparation)

https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502?via%3Dihub


Fit result

2157th Recontres de Moriond 2023

Current result: < 𝟏𝝈 wrt SM
WA: 3.2𝜎 → 𝟑 𝝈 wrt SM

𝑅 𝐷∗ = 0.247 ± 0.015 𝑠𝑡𝑎𝑡 ±
0.015(𝑠𝑦𝑠𝑡) ± 0.012(𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑖𝑛𝑝𝑢𝑡)

Κ 𝐷∗ = 1.700 ± 0.101 𝑠𝑡𝑎𝑡 #$.*$$
"$.*$+ (𝑠𝑦𝑠𝑡)

Connect to CERN seminar tomorrow!

Dominant systematics: Simulation sample 
size and modelling of bkg. 

[LHCb-PAPER-2022-052]
(In-preparation)

One of the most precise 𝑅 𝐷∗ , when 
combined with Run 1 result (LHCb22, had)

𝑹 𝑫∗ = 𝟎. 𝟐𝟓𝟕 ± 𝟎. 𝟎𝟏𝟐 𝒔𝒕𝒂𝒕
± 𝟎. 𝟎𝟏𝟒 (𝒔𝒚𝒔𝒕) ± 𝟎. 𝟎𝟏𝟐 (𝒆𝒙𝒕)

[HFLAV Preliminary]

https://indico.cern.ch/event/1231797/


Outlook and Summary

22Credits: Nat Geo



ØMany more 𝑅(𝑋Y) measurements in the pipeline e.g. 𝑅 𝐷? , 𝑅 𝐷∗@ , 𝑅 ΛY? …

Outlook

28/06/2022 23[Rev. Mod. Phys. 94, 015003 (2022)] [Belle II talk @ Beyond Flavour Anamolies III]

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.94.015003
https://conference.ippp.dur.ac.uk/event/1064/contributions/5491/


Summary

28/06/2022 24

Forward-backward 
aysmmetries

Polarization of 
charm hadron

Polarisation of 
involved 𝝉 lepton

Angular analysis for 
wilson coefficient

• Semileptonic charged current decays
are an excellent tool to probe LFU.

• Summary and challenges of two recent
LHCb results presented.

• Many possible roads to new physics…

[A.K Alokh et al]

[D. Hill et al]

[D. Aloni et al]

[A.K Alokh et al]

CP violation 
measurements[P. Biancofiore et al]

https://arxiv.org/abs/1606.03164
https://arxiv.org/pdf/1806.04146.pdf
https://arxiv.org/pdf/1806.04146.pdf
https://arxiv.org/abs/1606.03164
https://inspirehep.net/literature/1217741


Backup

2557th Recontres de Moriond 2023



Systematic uncertainty

2657th Recontres de Moriond 2023

Small multiplicative 
uncertainties

External inputs to 
the fit

Model uncertainties
(should scale with 
size of the control 

sample)



Relative systematic uncertainty on 𝐾(𝐷∗)

2757th Recontres de Moriond 2023

BESIII results from 
𝐷 → 3𝜋± should 
help reduce this 

systematic in future.  

Compared to Run 1 
analysis, the size is 

halved from employing 
fast simulation 

techniques [ReDecay]. 

Other dominant 
sources include signal 

and background 
modelling



Previous vs current leptonic 𝜏

2857th Recontres de Moriond 2023

Previous Current



Previous vs current hadronic 𝜏

2957th Recontres de Moriond 2023

Previous Current



Track and Vertex reconstruction

3057th Recontres de Moriond 2023

Vertex locator
Ø 42 silicon modules provide r and 𝜙 coord.

Ø Retractable halves
Ø 8mm from beam in data taking

Tracking stations
Ø TT and IT: silicon microstrips

Ø OT: Straw-tube modules

IT + OT

Dipole magnet
Ø 4 Tm magnetic field

Ø Polarity inverted every few weeks

Muon stations
Ø Consists of 5 stations (M1-M5)

Ø MWPCs + triple GEM

[LHCb-DP-2014-002]

• Good decay time res. 𝜎(~45 𝑓𝑠 𝑤𝑟𝑡 𝜏)~ 1.5 𝑝𝑠
• Good momentum res. *+

+
~0.5% − 1% (5 − 200 𝐺𝑒𝑉)

http://arxiv.org/abs/1412.6352


Particle identification (PID)

3157th Recontres de Moriond 2023

Calorimeters

Ø SPD,PS,ECAL,HCAL
Ø PID for 𝑒, 𝛾, 𝜋%

Ø Energy and position for neutral objects 
and trigger for 𝑒, 𝛾

Ring imaging Cherenkov detectors

Ø PID for kaons, pion and protons
Ø Covers a wide momentum range

Muon stations

Ø 5 stations (M1-M5) have high purity 
PID for muons

[LHCb-DP-2014-002]

SPD: Scintillating pad detector
PS: Preshower

• 𝜖-./ 𝐾 → 𝐾 > 95%.
• 𝜖01(./ 𝜋 → 𝐾/𝑝/𝜇/𝑒 < 5%

http://arxiv.org/abs/1412.6352


Vertex reconstruction

3257th Recontres de Moriond 2023

Excellent vertexing in VELO! Can still 
reconstruct downstream decays (𝑲𝑺, 𝚲). 

[LHCb-DP-2019-001]

[LHCb-PAPER-2021-005]

ØGood resolution on Impact Parameter (IP) 
required for efficiently selecting B decays: 
𝜎67~20 𝜇𝑚 for high 𝑝8 tracks. 

ØGood resolution on decay time crucial for time-
dependent CP violation analyses: 
𝜎'~45 𝑓𝑠 𝑤𝑟𝑡 𝜏9~ 1.5 𝑝𝑠

https://arxiv.org/pdf/1812.10790.pdf
https://cds.cern.ch/record/2764338/files/LHCb-PAPER-2021-005-arXiv.pdf


Track reconstruction

3357th Recontres de Moriond 2023

Excellent track reconstruction!
• 𝜖 𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 ~96%
• :;

;
~0.5% − 1% (5 − 200 𝐺𝑒𝑉)

• 𝜎 𝑚</= ~15 𝑀𝑒𝑉
[LHCb-FIGURE-2020-010]

Muon tracking efficiency

[LHCb-DP-2014-002] [LHCb-DP-2014-002]

𝐽/𝜓

𝜓(2𝑆)

Υ(1𝑆, 2𝑆, 3𝑆)

𝑍%Resolution as function 
of dimuon mass

𝑚(𝜇)𝜇*)

https://cds.cern.ch/record/2718525
http://arxiv.org/abs/1412.6352
http://arxiv.org/abs/1412.6352


Particle identification performance

3457th Recontres de Moriond 2023

• Charged: Combine info from RICH, CALO, MUON. 
• 𝜖-./ 𝐾 → 𝐾 > 95% (same for 𝜇 and lower for 𝑒)
• 𝜖01(./ 𝜋 → 𝐾/𝑝/𝜇/𝑒 < 5%

• Neutral: Dedicated NN for identifying deuterons and 
separating 𝛾 from hadrons, 𝑒± and high-energy 𝜋$s.

[LHCb-FIGURE-2020-012]

[LHCb-PUB-2015-016]

Seperate 𝛾 from 
high mom. 𝜋(

[LHCb-DP-2014-002]

https://cds.cern.ch/record/2718739?ln=en
https://cds.cern.ch/record/2042173/files/LHCb-PUB-2015-016.pdf
http://arxiv.org/abs/1412.6352


LHCb trigger (2015-2018)

3557th Recontres de Moriond 2023

ØTrigger needed to reduce storage and 
readout costs with good signal to 
background ratio. 

ØConsists of three stages: 
• L0: Hardware, 𝐸8/𝑝8 thresholds. 

40 MHz → 1 MHz. 
• HLT1: Software, partial reconstruction, 

1 MHz → 150 kHz. 
• HLT2: Full event reconstruction, 

100 kHz → 12.5 kHz.

[2019 JINST 14 P04006, Comput.Phys.Commun. 208 (2016) 35-42]

L0: Level 0 trigger
HLT: High level trigger

https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04006
https://www.sciencedirect.com/science/article/abs/pii/S0010465516302107


Run 1 + 2

1 primary vertex 
per event 
(PVs/evt)

LHCb past and present

3657th Recontres de Moriond 2023

Upgrade I

Inst. Lumi~5 x Run2
5 PVs/evt



3757th Recontres de Moriond 2023

No hardware trigger, fully software based!
Hadronic yield /𝑓𝑏#* : 2 x Run2

Brand new 
detector for 
2022-2032!

UT will go in end 
of this year



LHCb future (HL-LHC, 2035-2042)

3857th Recontres de Moriond 2023

[CERN-LHCC-2021-012]

Run 1 + 2

1 primary 
vertex per 

event 
(PVs/evt)

Upgrade I

Inst. Lumi~5 
x Run2

5 PVs/evt

Upgrade II

Inst. lumi ~ 50 
x Run2

55 PVs/evt

App
rov

ed
 by

 LH
CC

https://cds.cern.ch/record/2776420


Upgrade II

3957th Recontres de Moriond 2023


