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Large Hadron Collider

Proton energy: up to 7 TeV (1012 eV)
speed:  0.999999991 c
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Beauty/charm production
• Large production cross-section @ 7 TeV
– Minibias ~60  mb
– Charm ~6  mb
– Beauty ~0.3 mb c.f. 1nb @𝜰(𝟒𝑺)

• Predominantly in forward/backward cones

Flavour factory!
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Initial energy of 𝑏'𝑏 not known



The LHCb experiment 
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The LHCb trigger (2018)
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• L0, Hardware
– 𝑝! 𝜇" ×𝑝! 𝜇# >(1.5 GeV)2

– 𝑝! 𝜇 > 1.8 GeV
– 𝐸! 𝑒 > 2.4 GeV
– 𝐸! 𝛾 > 3.0 GeV
– 𝐸! ℎ > 3.7 GeV

• High Level Trigger
– Stage1, 𝑝!, IP
– Stage2, full selection



Lepton flavour universality
• In SM, three lepton families (𝑒, 𝜇, 𝜏) have 

identical couplings to the gauge bosons

– which means, e.g.,     

• Lepton flavor universality violation? New Physics!
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𝑅$ =
ℬ 𝐵% → 𝐾%𝜇%𝜇&

ℬ(𝐵% → 𝐾%𝑒%𝑒&)
≅ 1

𝒪(10!#) uncertianty
[C. Bobeth et al., JHEP 12 (2007) 040]

𝒪(1%) QED correction
[M. Bordone et al., EJPC 76 (2016) 440]



Experimental test of LFU
• Well established in SM, e.g. 𝑊 → ℓ𝜈
– Some tension at LEP,
addressed by ATLAS/CMS
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[ATLAS, NP 17 (2021) 813; CMS, PRD 105 (2022) 072008]



LFU in B system, pre-LHCb
• R(D(*)), Babar reported deviation of ~3.2σ

• No deviation seen in FCNC 𝑏 → 𝑠ℓ!ℓ" decays

[Babar, PRD 88 (2013) 072012]
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𝑅(𝐻'), exp. challenge at LHCb
• Definition
• Signal
– Missing energy by neutrinos, no narrow peak

– Use 𝐵 flight direction, pRec algo* to get 𝒑'
()*+   
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𝐵$ → 𝐷∗!𝜏&𝜈' 𝐵$ → 𝐷∗!𝜇&𝜈(

𝑚5677
8 ≡ 𝒑9

:;<= − 𝒑> ∗ − 𝒑?
8
, 𝑞8= 𝒑9

:;<= − 𝒑> ∗
8

𝑅(𝐻@) =
ℬ 𝐻A → 𝐻@𝜏B�̅�C
ℬ(𝐻A → 𝐻@𝜇B�̅�?)

* More in [F. U. Bernlochner et al., RMP 94 (2022) 015003]



𝑅(𝐻'), exp. challenge at LHCb
• Background (𝐻# + 𝜇)
– Fake 𝐻,  𝐻,  sideband 
– Fake 𝜇  𝐻,+Track

Each reweighted by ∑𝐹D𝑃D→?
• 𝐹D, probability of a track to be 

a particlar particle
• 𝑃D→?, mis-ID rate, use calib 

sample, note decay-in-flight

– True 𝐻,  and muon, e.g., 
• 𝐵 → 𝐷∗𝐷 → 𝜇𝑋 𝑋
• 𝐵 → 𝐷∗∗𝜇𝜈  isolation
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𝑅(𝐷(∗)) using muonic τ decays
• ℬ(𝜏 → 𝜇𝑋)~17.4%
• 3D fits
– Signal yields: 44 000
– Systematics: Simulation size, form factors, …
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𝑚!"##
$ ≡ 𝒑%
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𝐸+∗, energy of 𝜇
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• ℬ(𝜏 → 3𝜋±𝑋)~9%+4%(≥1π0)

• Normalized to 𝐵% → 𝐷∗"3𝜋

• 3D fits, R(D*)=0.247 ± 0.015 ± 0.015 ± 0.012
– Signal yields: 2469 ± 154
– Systematics: Simulation size, 𝐷 → 3𝜋𝑋 template, …

𝑅(𝐷∗) using 3-prong τ decays
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𝑅(𝛬'5) using 3-prong τ decays

• Noramalized to 𝛬'% → 𝛬#!3𝜋

• 3D fits, 𝑅(𝛬#!)=0.242 ± 0.026 ± 0.040 ± 0.059
– Signal yields: 349 ± 40
– Systematics: 𝐷 → 3𝜋𝑋 template, 𝛬56 → 𝛬,%𝐷𝑋
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𝑅(𝐽/𝜓) using munoic τ decays
• Measure 𝑅(𝐽/𝜓) using munoic τ decays
– Pros: 3μ, ℬ(𝜏 → 𝜇𝑋)~17.4%
– Cros: small 𝜎(𝐵,%), no τ vertex

• Run-I, 1400 ± 300 signal (3σ)
2σ
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𝐵-. → 𝐽/𝜓𝜏.𝜈 𝐵-. → 𝐽/𝜓𝜇.𝜈



Systematics, one example
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Internal fit uncertainties �R(D⇤)(⇥10�2) �R(D0)(⇥10�2) Correlation
Statistical uncertainty 1.8 6.0 �0.49
Simulated sample size 1.5 4.5
B! D(⇤)DX template shape 0.8 3.2
B! D(⇤)`�⌫` form-factors 0.7 2.1
B! D⇤⇤µ�⌫µ form-factors 0.8 1.2
B ( B! D⇤D�

s (! ⌧�⌫⌧ )X ) 0.3 1.2
MisID template 0.1 0.8
B ( B! D⇤⇤⌧�⌫⌧ ) 0.5 0.5
Combinatorial < 0.1 0.1
Resolution < 0.1 0.1
Additional model uncertainty �R(D⇤)(⇥10�2) �R(D0)(⇥10�2)

B! D(⇤)DX model uncertainty 0.6 0.7
B0

s! D⇤⇤
s µ�⌫µ model uncertainty 0.6 2.4

Data/simulation corrections 0.4 0.8
Coulomb correction to R(D⇤+)/R(D⇤0) 0.2 0.3
MisID template unfolding 0.7 1.2
Baryonic backgrounds 0.7 1.2
Normalization uncertainties �R(D⇤)(⇥10�2) �R(D0)(⇥10�2)

Data/simulation corrections 0.4⇥R(D⇤) 0.6⇥R(D0)
⌧� ! µ�⌫⌫ branching fraction 0.2⇥R(D⇤) 0.2⇥R(D0)
Total systematic uncertainty 2.4 6.6 �0.39
Total uncertainty 3.0 8.9 �0.43



Summary of LFU in 𝑏 → 𝑐ℓ𝜈 decays
• Deviations from SM seen by Babar/Belle/LHCb
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𝑅(𝐻)) =
ℬ 𝐻* → 𝐻)𝜏!�̅�'
ℬ(𝐻* → 𝐻)𝜇!�̅�()

[PRL 128 (2022) 191803] 
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𝑅(𝐻') with electron at LHCb?
• Even more challenging, due to Bremsstrahlung
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• Partially Rec’ed Bkg compensated by Brem. 
over-correction and enters the signal region, 
challenging even for fully Rec’ed decays

• 𝐵! → 𝐾!ℓ!ℓ" in high-q2 not public yet, take 
plots in low/central q2 paper to illustrate 
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[PRD 108 (2023) 032002] 



The LHCb upgrades
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𝑳 = 𝟒×𝟏𝟎𝟑𝟐 𝐜𝐦#𝟐𝐬#𝟏 𝑳 = 𝟐×𝟏𝟎𝟑𝟑 𝐜𝐦#𝟐𝐬#𝟏 𝑳 = 𝟐×𝟏𝟎𝟑𝟒 𝐜𝐦#𝟐𝐬#𝟏

？

Upgrade I Upgrade II

LS2 Run 3
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Upgrade	II,	4D	detector	
Timing,	𝒪(10 ps),	is	essential



Prospects
• LHCb upgrades  (2025: 23 fb-1, Upgrade-II: 300 fb-1)
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Observable Current LHCb LHCb 2025 Belle-II LHCb Upgrade-II ATLAS &CMS

𝑅(𝐷∗) 0.026 0.0072 0.005 0.002

𝑅(𝐽/𝜓) 0.24 0.071 0.02 ?

[F. U. Bernlochner et al., RMP 94 (2022) 015003]



How about CEPC?
• Having both advantages
– Access to all b-hadrons, as LHCb
– Good ablility of dealing with missing energy,        

as B-factories

• Detector requirements 
– Excellet vertexing, tracking 
– Hadron + lepton PID? Yes 
– Flexible trigger? Yes
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𝐵)& → 𝜏&𝜈, [T. Zheng et al., CPC 45 (2021) 023001]



Summary
• LHCb has tested lepton flavour universality in 

semileptonic b-decays 
– 𝑅 𝐷 , 𝑅 𝐷∗ , 𝑅(𝛬,%) and 𝑅(𝐽/𝜓), 
some deviations from SM seen, to be confirmed or 
refuted with more data

• Efforts from both theo. and exp. sides needed 
to improve precision further, e.g.,  
– Form factors 
– 𝐵 → 𝐷𝐷𝑋, 𝐷 → 3𝜋𝑋 

• CEPC will be a main player in this field
22


