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Lepton Flavour Universality (LFU)

LHC Days in Split 2022

R(τ/μ) = ℬ(W → τν)/ℬ(W → μν) = 0.992 ± 0.013

‣ Extensively verified in  

‣ EW couplings universality verified at per-mille level since LEP  

✦   longstanding tension of 2.5   solved by recent ATLAS measurement 

‣ BSM new particles can break LFU at high energy scales

Z → ℓℓ, τ → lνν, J/ψ → ℓℓ, π → lν, K → πℓν

W → τν σ

[A. Pinch, PPNP 75 (2014) 
41]

[Nature Physics volume 17, 
pages 813–818 (2021) ]

‣ In the SM, EW couplings are independent from lepton flavours
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http://ific.uv.es/~pich/Papers/PPNP_75(2014)41.pdf
http://ific.uv.es/~pich/Papers/PPNP_75(2014)41.pdf
https://arxiv.org/abs/2007.14040
https://arxiv.org/abs/2007.14040
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Lepton Flavour Universality tests with B decays
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‣ , suppressed at tree level 

‣ Highly sensitive to NP (10-100 TeV scale)  

✦  probed depends on NP structure (LFUV, LFU universal) 

‣ NP can affect: 

✦ decay rates and differential decay rates  

✦ angular distributions  

‣ Is BSM physics hierarchical in lepton sector? 

‣ LFU tests with 

ℬ ∼ 𝒪(10−6)

ΛNP

μ/e

LFU tests in b → sℓℓ

LFU tests also in  at LHCbb → cℓν

2

‣ Large , tree level processes 

‣ Tree level transition, missing neutrino makes it experimentally challenging 

‣  , 

ℬ

τ/μ τ/e

⚠ not in this talk

νℓ

ℓ−
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The LHCb experiment
‣ Lower luminosity than ATLAS/CMS for 

,  

→  b hadrons in LHCb  

acceptance in RunI/II (2011-2018) 

‣ Acceptance in forward region of  collisions 

( ) 

‣ Excellent displaced vertex identification  

‣ Low-  triggers (few GeV) 

‣ Dipole magnet with very precise tracking 

detectors  

‣ Particle ID with calorimeters, muon system 

and Cherenkov detectors (RICH)

⟨μ⟩ ≃ 1.7 ℒLHCb ≃ 3.5 × 1032 cm−2s−1

𝒪(1012)

pp

2 < η < 5

pT

σp/p ∼ 0.5 %

LHC Days in Split 2022

[Int.J.Mod.Phys. A 30, 1530022 (2015)] 

Zoom on pp collision point
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LFU tests in b → sℓℓ
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 phenomenology and sensitivity to NPb → sℓℓ
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…. : with PseudoScalar  in final state, Hs K0
s , K+

— : with Vector  in final state, Hs K*0, K*+, ϕ, . . .
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μ± track
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Lepton Flavour Universality in : the actors at LHCbb → sℓℓ
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Overall, a ratio of  3:1 of reconstructed muons to 
electrons in LHCb in Run1/2 data taking 

∼

‣Electrons at LHCb  

✦ Emits bremmshtralung , high occupancy in ECAL 

✦ ECAL tight trigger thresholds and ID mostly from CALO 

✦  and  worse than 

γ

εreco
σp

p
μ

<latexit sha1_base64="Fzczgb6thmQTBBLlowRJdQ19jr4="></latexit>
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MUON

‣Muons at LHCb  

✦ Negligible bremmshtralung, MUON has low occupancy 

✦ Muon soft trigger thresholds and ID mostly from MUON 

✦ Excellent  and εreco
σp

p
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Pattern of deviation from LHCb in LFU tests

‣ Coherent pattern of tension to SM in LFU 

tests with  transition: 

✦  ratios :  decay rates 

‣  ratio extremely well predicted in SM 

✦ Cancellation of hadronic uncertainties at  

✦  QED corrections 

✦ Experimentally only statistically limited 

‣Any departure from unity is a clear sign of 

new physics

b → sℓℓ

RX
μ
e

RX

10−4

𝒪(1%)

(*) Measurements from Belle excluded (larger statistical uncertainties)
LHC Days in Split 2022

[Unofficial, illustration purpose]

[Bordone et al arXiv:1605.07633]
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https://arxiv.org/abs/1605.07633
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How is  measured in LHCb?RX

‣  from mass fits,  evaluated from data-driven corrected simulation 

‣ : normalisation and  calibration mode 

✦ Take advantage of  for double-ratio and   cancellation in  

‣  goodness of calibration tested 

✦ Measuring =1 ? 

✦ Measuring =1 ? [ using the double-ratio approach ] 

𝒩 ε

B → XJ/ψ(ℓℓ) ε
ℬ(J/ψ → μμ)
ℬ(J/ψ → ee)

= 1 σ ε
syst ε(μ)/ε(e)

ε(e/μ)

r(J/ψ) =
ℬ(B → XJ/ψ(μμ))
ℬ(B → XJ/ψ(ee))

R(ψ(2s)) =
ℬ(B → Xψ(2S)(μμ))
ℬ(B → Xψ(2S)(ee))

LHC Days in Split 2022 8

‣Backgrounds vs  specific analysis dependentq2
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Pattern of deviation from LHCb in LFU tests
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‣ First LFU test in baryonic decays (unique at LHCb) 

‣ Systematics dominated by background modelling  

‣  , q2 ∈ [0.1,6.0] GeV2/c4 m(pK) < 2400 MeV/c2

[JHEP,2020,40 (2020)]

 (  )RpK Λb → pKℓℓ

[Unofficial, illustration purpose]
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‣LHCb Run1 ( )+2016( ) data3fb−1 1.7fb−1

https://link.springer.com/article/10.1007/JHEP05(2020)040
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Pattern of deviation from LHCb in LFU tests
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 (  )RK*0 B0 → K*0ℓℓ
[JHEP08(2017)055]

[Unofficial, illustration purpose]

2.2σ

2.4σ

10

‣LHCb Run1 ( ) data used3fb−1

‣ Dedicated kinematic cut to reduce partially  

reconstructed background 

‣ Measurement in 2  regions 

✦ low       

✦ central  

q2

q2 ∈ [0.045,1.1] GeV2/c4

q2 ∈ [ 1.1,6.0] GeV2/c4

https://arxiv.org/abs/1705.05802
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Pattern of deviation from LHCb in LFU tests
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 (  )RK*+ B+ → K*+(Ksπ)ℓℓ
[Phys. Rev. Lett. 128 (2022) 191802]

[Unofficial, illustration purpose]

‣All LHCb data used ( )9fb−1
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‣  in final states: 2/3 of them decays after the VELO 

‣First observation of  

‣

K0
s ( → ππ)

B+ → K*+ee

q2 ∈ [0.045,6.0] GeV2/c4

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191802


‣  in final states: 2/3 of them decays after the VELO 

‣First observation of  

‣

K0
s ( → ππ)

B0 → K0
s ee

q2 ∈ [1.0,6.0] GeV2/c4

Renato Quagliani

Pattern of deviation from LHCb in LFU tests
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[Phys. Rev. Lett. 128 (2022) 191802]

[Unofficial, illustration purpose]

  (  )RKs
B0 → K0

s ℓℓ
‣All LHCb data used ( )9fb−1
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[Unofficial, illustration purpose]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191802


 (  )RK+ B+ → K+ℓℓ
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(*) Measurements 
from Belle 
excluded (larger 
statistical 
uncertainties)

[Unofficial, illustration purpose]

[Nat. Phys. 18, 277-282 (2022)]

‣All LHCb data used ( )9fb−1
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‣ Together with  mode, the highest statistical yield 

achievable at LHCb 

‣

K*0

q2 ∈ [1.1,6.0] GeV2/c4

Pattern of deviation from LHCb in LFU tests

https://www.nature.com/articles/s41567-021-01478-8
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LFU tests in b → cℓν
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ℓ = μ/e
ℓ = τ

νℓ

ℓ−

νℓ

ℓ−μ − only @ LHCb
μ, e @ B − Factories

R(Hc) =
ℬ(Hb → Hcτντ)
ℬ(Hb → Hcℓντ)

Hc = D*,+, D0, D+, D+
s , Λ+

c , J/ψ

Hb = B0, B+, B0
s , Bc, Λb Ξb, Ωb

Unique at 
LHCb

Ratio sensitive to 
possible NP coupling  

to 3rd generation  
(e.g. LQ)

[PRL 116, 081801] 
[PRD  94, 115201]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.081801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.115021


Renato Quagliani LHC Days in Split 2022

R(D) − R(D*)

R(D) =
ℬ(B0 → D−τ+ντ)
ℬ(B0 → D−ℓ+νℓ)

R(
D

*)
=

ℬ
(B

0
→

D
*−

τ+
ν τ

)
ℬ

(B
0

→
D

*−
ℓ+

ν ℓ
)

ℓ = μ, e for B − factories

ℓ = μ for LHCb

‣Using muonic  

✦   

(2.1  above SM)

τ → μνν

R(D*) = 0.336 ± 0.027 ± 0.030

σ

‣With 3-prong hadronic 

 

✦  

(1  above SM)

τ+ → π+π−π+(π0)ντ

R(D*) = 0.280 ± 0.018 ± 0.026 ± 0.013

σ

[PRL 120, 171802 
(2018)]

[PRD  97, 072013 
(2018)]

[PRL 115,111803 (2015)]

3.3  above SM  

(in combination with all measurements from B-factories)

σ
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013


‣  

‣ Use Run1 ( ) data 

✦ First LFU test in  mesons 

✦ Observation of  with 3  significance 

✦  driven by MC-stat and  form factors

R(J/ψ) =
ℬ(B−

c → J/ψτ−ντ)
ℬ(B−

c → J/ψμ−νμ)
3 fb−1

Bc

Bc → J/ψτντ σ

σsyst Bc

R(J/ψ) = 0.71 ± 0.17(stat) ± 0.18(syst)

PRD, 99, 055008

R(J/ψ) = 0.71 ± 0.17(stat) ± 0.18(syst)

RSM(J/ψ) = 0.2583 ± 0.0038 [PRL,125,222003(2020)]

✦ τ− → μ−νμντ

Renato Quagliani

 [using  decays, leptonic ]R(J/ψ) Bc τ
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1400 ± 300

[PRL 120,121801 (2018)]

2  above SM predictionσ

3D binned Template fit ( )Z, m2
miss, tτ

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.055008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801


R(Λ+
c ) = 0.242 ± 0.026(stat) ± 0.040(syst) ± 0.059(ext.)

RSM(Λ+
c ) = 0.324 ± 0.004 [PRD, 99, 055008]

Renato Quagliani

 [using  decays, hadronic ]R(Λc) Λb τ

16LHC Days in Split 2022

1  agreement to SMσ

‣  

‣ Use Run1 ( ) data 

✦ First LFU test in a baryonic  

✦ Initial state  : NP coupling could be different 

✦  driven by double-charm background

R(Λc) =
ℬ(Λb → Λ+

c τ−ντ)
ℬ(Λb → Λ+

c μ−νμ)
3 fb−1

b → cℓν

S = 1/2

σsyst

✦ τ− → π−π+π−(π0)ντ

[PRL 128, 191803 (2022)]

3D binned Template fit ( )BDT, q2, tτ

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.055008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803
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Prospects of LFU tests
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15
00
3]‣LHCb plans to also include 

✦  ,  

✦ Combined  

✦  

✦  

✦

R(D+) R(D*) e/μ

R(D*) − R(D)

R(D**)

R(D*s )

R(Λ**c )

Exploiting new observables beyond  :  

Angular observables for spin structure 

Irreducible systematic of 0.5% on R(D*) and  

2% on other ratios

ℬ

‣LHCb plans to also include 

✦ Combined  with  

✦  [  ] , full dataset  

✦  and high  bins in   

✦ Reach O(%) precision in coming years 

with Belle-II and LHCb Run III.

R(K)/R(K*,0) 9fb−1

Rϕ Bs → ϕℓℓ RpK

RKππ q2 R(K)/R(K*0)

[LHCb Implication Workshop 2020] [LHCb Upgrade II TDR]

b
→

sℓ
ℓ

b
→

cℓ
ν

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.94.015003
https://indico.cern.ch/event/857473/contributions/4060375/attachments/2133787/3593736/santimaria_IW.pdf
https://cds.cern.ch/record/2776420/files/LHCB-TDR-023.pdf?version=3
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Conclusion
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‣Intriguing pattern of LFU(V) in several exclusive measurements at LHCb in  
✦ High priority on a combined  with full dataset with a deeper understanding of systematics from LHCb as 

well as adding other decay modes and  regions 

‣Several modes studied and still under studies also in  at LHCb 
✦ Starting analysing not only  ratios, but also other observables such as angular observables

b → sℓℓ

R(K)/R(K*)

q2

b → cℓν

ℬ

‣ While focus is on having “legacy” results,  

the Run III has just started
9fb−1

✦LHCb Run III : 3 x more stat than in Run I/II in 2.5yr 

✦Almost a brand new detector with improved performance 

✦Belle II will be competing/complement LHCb physics 

program in next years

‣Stay tuned for results
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Backup
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Trigger strategy
‣ Hardware triggers in LHCb [ ECAL, HCAL, MUON ] have different threshold cuts

PV

ECAL
HCAL

MUON

ℓ+

ℓ−

K+

B+

e+

e−

μ+

μ−
‣ e-mode

‣ :  fires ECAL trigger  

‣ :  fires HCAL trigger 

‣  : Other tracks in event fires MUON/ECAL/HCAL

L0E e±

L0H K+

L0I

‣ -modeμ

‣ :  fires 
MUON trigger 
L0M μ±

Trigger selection

R-Ratio from ⟨ L0M
L0E

,
L0M
L0H

,
L0M
L0I ⟩

Muon 1GeV 
HCAL/ECAL  > 2.7 GeV

pT >
ET
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 in dℬ/dq2 b → sμμ

LHC Days in Split 2022

2021

‣  in exclusive  seems to undershoot SM predictionsdB/dq2 b → sμμ

‣Coherent pattern but large theory predictions uncertainties (20-30 %) on hadronic form factors
28
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Flavour anomalies in angular  b → sμμ
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‣ Latest angular analysis of  ( ) showed tension in the SM 

consistent with that found in  

‣Global significance of  

‣Theory uncertainties under scrutiny ( role of non-local charmonium loops)

B → K*+μ+μ− 9fb−1

B → K*0μ+μ−

3.1σ

K+

π−

K∗0 θK

µ+

µ−

B0

θ!

(a) θK and θ# definitions for the B0 decay

µ−

µ+

K+

π−

B0

K∗0
φ

K+ π−

n̂Kπ

!p̂Kπ

µ−

µ+

n̂µ+µ−

(b) φ definition for the B0 decay

π+

K−

K∗0

µ−

µ+

B0

φ

K− π+

n̂Kπ

! p̂Kπ

µ−

µ+

n̂µ−µ+

(c) φ definition for the B0 decay

φ

‣ The angular distributions of the  decay is 

described with , ,   

‣ The coefficients , ,  are sensitive to New Physics 

‣ Optimised  operator to reduce form factors uncertainties: 

e.g.

B → K*μ+μ−

cos(θℓ) cos(θK) ϕ

FL AFB Si

P′ i

P 0
5 =

S5p
FL(1� FL)

<latexit sha1_base64="dOC7Uj9Zn+6iuM9GdkOq8A2nbdM="></latexit><latexit sha1_base64="dOC7Uj9Zn+6iuM9GdkOq8A2nbdM="></latexit><latexit sha1_base64="dOC7Uj9Zn+6iuM9GdkOq8A2nbdM="></latexit><latexit sha1_base64="dOC7Uj9Zn+6iuM9GdkOq8A2nbdM="></latexit>

[PRL 126 (2021) 161802]

29

https://arxiv.org/pdf/2012.13241.pdf
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 in LHCbe/μ

LHC Days in Split 2022

[arxiv:1705.05802]

Muons Electrons μ/e in b → sℓℓ

30

https://arxiv.org/abs/1705.05802
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R(D*) , R(D)
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‣ All lies above SM

31
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 [using  decays, leptonic ]R(Λc) Λb τ

Λb → Λc3π

[PRL 128, 191803 (2022)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803
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 [using  decays, leptonic ]R(J/ψ) Bc τ

‣R(J/ψ) =
ℬ(B−

c → J/ψτ−ντ)
ℬ(B−

c → J/ψμ−νμ)
✦ τ− → μ−νμντ

[PRL 120,121801 (2018)]

Categorical variable Z( )Eμ, q2

3D binned 

Template fit  

( )Z, m2
miss, tτ

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
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‣R(J/ψ) =
ℬ(B−

c → J/ψτ−ντ)
ℬ(B−

c → J/ψμ−νμ)

 [using  decays, leptonic ],  projectionsR(J/ψ) Bc τ m2
miss

3D binned 

Template fit  

( )Z, m2
miss, tτ

34
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‣R(J/ψ) =
ℬ(B−

c → J/ψτ−ντ)
ℬ(B−

c → J/ψμ−νμ)

 [using  decays, leptonic ],  projectionsR(J/ψ) Bc τ tτ
3D binned 

Template fit  

( )Z, m2
miss, tτ

35
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‣R(J/ψ) =
ℬ(B−

c → J/ψτ−ντ)
ℬ(B−

c → J/ψμ−νμ)

 [using  decays, leptonic ], systematicsR(J/ψ) Bc τ

36


