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Lepton-Flavour Universality  
in the Standard Model

In the SM, lepton flavour non-universal terms are due to the three lepton masses 
mτ : mμ : me = 3477 : 207 : 1

ℒSM = ℒGauge(gs, g, g′￼)
+ℒYukawa(yu, yd, yl)
+ℒHiggs(λ, m2

Φ) + …

• Gauge interactions are flavour universal 

• Yukawa interactions are not, but due to 
Higgs mechanism the couplings  
are proportional to masses



FCNC transitions in the SM  
and New Physics

Flavour-Changing-Neutral-Current processes are loop suppressed in the SM

Relevant examples (rare  transitions):b → sll
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FCNC transitions in the SM  
and New Physics

• We deal with mesons, not quarks 

• Large theoretical uncertainties in predictions: hadronic form-factors (10-20 %)
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• Different processes  and  with pseudo scalar 
 and  vector  mesons in the final state (different FF!) 

• Isospin partners 

B → Pll B → Vll
P = K0

S , K± V = K*0,±

B+ → K+l+l−

B0 → K*0( → K+π−)l+l−

B0 → K0
S l+l−

B+ → K*+( → K0
Sπ+)l+l−2212.09153

mB = 5279 MeV
mK+ = 493 MeV
mK*0 = 895 MeV

https://arxiv.org/pdf/2212.09153.pdf


A Lepton-Universality Probe 
in FCNC b-s transitions

• Small theoretical uncertainties because hadronic uncertainties cancel : 
 in the SM neglecting lepton massesRX = 1

• Given  for some , we can construct ratios , corresponding to  B → Xl+l− X RX

• Any departure from unity is a clear sign of New Physics



A Lepton-Universality Probe 
in FCNC b-s transitions

• More precisely, one defines

• Invariant mass of lepton pair q2 ≡ (pl+ + pl−)2

RK low-q2 RK central-q2 RK⇤ low-q2 RK⇤ central-q2

SM prediction 0.9936 1.0007 0.9832 0.9964
SM uncertainty 0.0003 0.0003 0.0014 0.0006

Flavio python code:

q2 ∈ [(2ml)2, (mb − mX)2]



LHCb detector at CERN



 and :  
previous measurements

RK RK*

RK = 0.745+0.096
−0.082

LHCb , 2.6
 

[PRL113151601]

3 fb−1 σ
1.1 < q2 < 6 GeV2/c4

First LHCb measurement (2014)

  
theoretical 

papers trying  
to address the issue 

𝒪(103)

2212.09153 - first simultaneous LHCb analysis of  and ! RK RK*

https://inspirehep.net/literature?size=25&page=1&q=refersto:recid:1303108&author_count=10%20authors%20or%20less&sort=mostcited
https://arxiv.org/pdf/2212.09153.pdf


LFU tests at LHCb

•  - from mass fits, efficiencies  are evaluated   
from data-driven corrected simulations 

• Resonant  mode is used to cancel (most of)  
systematical uncertainties in  determination + calibration

𝒩 ε

J/ψ
ε



LFU tests: challenges
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Estimate background: 
• Combinatorial 
• Partially reconstructed 
• Exclusive 
• Misidentified

Identify signal 
• Choice of  range 
• Kinematic Cuts 
• Particle IDentification 
• ….

q2

Clean mass fit for muons



LFU tests: challenges
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Also take into account: 
•  bremsstrahlung energy loss 

Important systematic effect 
• misidentification of  as π±, K± e±



LFU tests: challenges
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Important systematic effect 
• misidentification of  as π±, K± e±

Sample ⇡ ! e K ! e
Run 1 1.78 (1.70)% 0.69 (1.24)%
Run 2p1 0.83 (1.51)% 0.18 (1.25)%
Run 2p2 0.80 (1.50)% 0.16 (1.23)%

Previous analyses



 and :  
recent measurements

RK RK*
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Compatibility  
with the SM



 and : 

Recent vs Previous

RK RK*

LHCb Run 1 ( , 2011-2012),  
           Run 2P1 ( , 2015-2016), Run 2P2 ( , 2017-2018)

3 fb−1

2 fb−1 4 fb−1

• Simultaneous analysis  and :  
additional handle on partially reconstructed background  

• Tighter particle identification criteria (for electrons)  

• New data-driven technique to estimate 
 misidentified hadronic backgrounds 

RK RK*
B0 → K*(K+π−)e+e−

RK = 0.846+0.042+0.013
−0.039−0.012

LHCb , 3.1
 

[Nat.Phys.18 277(2022)]

9 fb−1 σ
1.1 < q2 < 6 GeV2/c4

RK = 0.949+0.042+0.022
−0.039−0.022

LHCb , 0.2
 

[2212.09153]

9 fb−1 σ
1.1 < q2 < 6 GeV2/c4

https://arxiv.org/pdf/2212.09153.pdf


 and : 

Recent vs Previous

RK RK*

LHCb Run 1 ( , 2011-2012),  
           Run 2P1 ( , 2015-2016), Run 2P2 ( , 2017-2018)

3 fb−1

2 fb−1 4 fb−1

• Simultaneous analysis  and :  
additional handle on partially reconstructed background  

• Tighter particle identification criteria (for electrons)  

• New data-driven technique to estimate 
 misidentified hadronic backgrounds 

RK RK*
B0 → K*(K+π−)e+e−

RK* = 0.69+0.11+0.05
−0.07−0.05

LHCb , 2.4-2.5
 

[JHEP 08 (2017) 055]

3 fb−1 σ
1.1 < q2 < 6 GeV2/c4

RK* = 1.027+0.072+0.027
−0.068−0.027

LHCb , 0.2
 

[2212.09153]

9 fb−1 σ
1.1 < q2 < 6 GeV2/c4

https://arxiv.org/pdf/2212.09153.pdf


Conclusions

• A new systematical effect was discovered making the recent LHCb 
measurements in perfect agreement with the SM 


• Previous anomalies in  and  are not confirmed


• Yet, there are anomalies in other observables, e.g., in differential width and 
angular observables corresponding to  transitions

RK RK*

b → sμ+μ−



Backup: Weak Effective 
Theory  for b → s



Backup: Observed yield 

LU observable Muon (⇥103) Electron (⇥103)
low- q2 RK 1.25± 0.04 0.305± 0.024
low- q2 RK⇤ 1.001± 0.034 0.247± 0.022

central- q2 RK 4.69± 0.08 1.19± 0.05
central- q2 RK⇤ 1.74± 0.05 0.443± 0.028

J/ RK (2.964± 0.002)⇥ 103 (7.189± 0.015)⇥ 102

J/ RK⇤ (9.733± 0.010)⇥ 102 (2.517± 0.009)⇥ 102



Backup: systematics



Backup: PID criteria
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LHCb

DLL(x)  - the difference in log-likelihood between the given charged-species (x) hypothesis  
and the pion hypothesis


ProbNN(x) - output of artificial neural networks trained to identify each charged-particle species (x) 
 (normalised between 0 and 1)


 
Fits without the inclusion of misidentified background, but with different PID criteria



Backup: PID criteria + Misidentified 
background modelling
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Backup: Isospin partners

RK0
S

= 0.66+0.20
−0.14(stat)+0.02

−0.04(syst)

RK*+ = 0.70+0.18
−0.13(stat)+0.03

−0.04(syst)

B0 → (K0
S → π+π−)l+l−

B+ → K*+( → K0
Sπ+)l+l−

LHCb,  , [Phys. Rev. Lett. 128, 191802 (2022)]9 fb−1

2110.09501

suffer from a reduced experimental efficiency at LHCb due to the 
presence of a  meson in the final state. 
K0

s



LHCb vs others

mB = 5279 MeV
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