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Introduction



The Standard Model of particle physics

The Standard Model (SM) describes 

All known particles 

- 12 fermions form all visible matter

Three fundamental forces

- Mediated by gluons (strong), photon (EM) and

W/Z bosons (weak)

Mass of elementary particles

- Given by Higgs boson through Higgs mechanism
3



The Standard Model of particle physics

The SM couldn’t describe 

Dark matter

- No viable particle candidate

Matter & anti-matter asymmetry

- Known CP violation mechanism is not sufficient

Mass of neutrino

- Not accommodated in the SM

Gravitational force

- Different scales (micro vs macro)

And more …
4
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Lepton Flavour Universality (LFU) in the SM

What is LFU ? 

All three leptons have the same representation in 𝑆𝑈(2)𝐿

𝐿𝑒 =
𝑣𝑒
𝑒 𝐿

, 𝐿𝜇 =
𝑣𝜇
𝜇

𝐿

, 𝐿𝜏 =
𝑣𝜏
𝜏 𝐿

with the same quantum number

→ Equal electroweak coupling to all charged leptons

Same coupling strength
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Validate LFU

How do people test LFU ?

LFU can be tested by measuring the ratio of decay rates with different leptonic final states, 

e.g. measuring 𝑅 𝑋𝑐 =
𝐵𝐹(𝑋𝑏→𝑋𝑐𝑙𝑣)

𝐵𝐹(𝑋𝑏→𝑋𝑐𝑙
′𝑣)

, , 
𝐻𝑏(𝑐) is a meson or baryon containing a b or c quark
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Validate LFU

How do people test LFU ?

LFU can be tested by measuring the ratio of decay rates with different leptonic final states, 

e.g. measuring 𝑅 𝑋𝑐 =
𝐵𝐹(𝑋𝑏→𝑋𝑐𝑙𝑣)

𝐵𝐹(𝑋𝑏→𝑋𝑐𝑙
′𝑣)

, , 

- Serves an excellent choice to test LFU (large statistics due to 𝑏 → 𝑐 transition)

- Several results are published by BaBar, Belle, Belle II and LHCb

𝐻𝑏(𝑐) is a meson or baryon containing a b or c quark
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𝑹(𝑫(∗)) measurements and predictions

3.7 𝜎 tension in combined 

R(D) - R(𝐷∗) value

- 2.2 𝜎 tension in R(𝐷∗)

- 2.6 𝜎 tension in R(D)
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LFU Beyond the Standard Model

How can LFU be violated ?  

Effective Field Theory (EFT): describes the low-energy effects of heavy New Physics (NP) 
without specifying the full underlying theory 

In EFT framework, the 𝑏 → 𝑐ℓ𝑣 transition can be described by

- :      : Effective operator

- : Wilson coefficient encoding possible NP contributions



10

LFU Beyond the Standard Model

How can LFU be violated ?  

NP contributions such as Leptoquarks or additional Higgs bosons can generate non-zero

With unequal strength to different lepton flavors

→ lepton flavor universality is violated 

𝑒+ 𝑒+ 𝑒+

PRD 85,094025 (2012) PRD 110, 055023 (2024)

https://arxiv.org/pdf/1203.2654
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.055023


LHCb experiment

- One of the experiments in Large Hadron Collider (LHC)

- Collect the 𝑝𝑝 collision data at a center-of-mass of 13.6 TeV

11



LHCb experiment - detector 

12

Single-arm spectrometer 



LHCb experiment - detector
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Single-arm spectrometer 

covering most of the region 

where 𝜎(𝑝𝑝 → 𝑏ത𝑏𝑋) is maximal

𝒃ഥ𝒃𝒃ഥ𝒃



LHCb experiment - tracking system
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LHCb experiment - PID and calorimeter
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LHCb experiment – integrated luminosity
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Upgrade I

With five-fold increase in inst. luminosity

LHCb has collected 28 fb-1 data 

~ 3 times of data size in Run 1 & 2



Test of lepton flavour universality 
using 𝑩𝟎 → 𝑫∗−𝒆+𝒗𝒆 and 
𝑩𝟎 → 𝑫∗−𝝉+𝒗𝝉 decays



Currently, several R(𝐷∗) Τ𝜏 𝜇
measurements using hadronic and muonic 𝜏 decays in 

LHCb are published

𝑹(𝑫∗) - motivation

18

hadronic

muonic

LHCb results Reference 𝑹(𝑫∗) value

Muonic Run 1 (2023) PhysRevLett.131.111802 0.281 ± 0.018 ± 0.024

Hadronic Run 2 (2023) PhysRevD.108.012018 0.260 ± 0.015 ± 0.016 ± 0.012

Muonic Run 2 (2024) PhysRevLett.134.061801 0.402 ± 0.081 ± 0.085

stat. syst. ext.

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.111802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.061801


We test LFU by measuring the electronic modes 

𝑹(𝑫∗) - motivation

19

Both decays have the same visible final state

→ Measuring the ratio cancels many sources of systematic uncertainties



We test LFU by measuring the electronic modes 

𝑹(𝑫∗) - motivation

20

Both decays have the same visible final state

→ Measuring the ratio cancels many sources of systematic uncertainties

In Run 3, we have better trigger efficiency for low-momentum hadronic decays

→ It’s the first time 𝜏 − 𝑒 universality is being tested at LHCb !



Methodology



𝑹(𝑫∗) Τ𝝉 𝒆
determination

22

,where



𝑹(𝑫∗) Τ𝝉 𝒆
determination
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,where

Extracted from simulated samples



𝑹(𝑫∗) Τ𝝉 𝒆
determination

24

,where

Extracted from a fit

We use the strategy used in 𝑅 𝐷∗
𝜏/𝜇 analysis (2015) to extract 

𝑅(𝐷∗) Τ𝜏 𝑒
value

- Use the same fitting variables 

- Include statistical uncertainties in the templates of fitting variables for both signal and 

background with Beeston and Barlow method

- Perform template fit on data to extract 𝑅(𝐷∗) Τ𝜏 𝑒

Extracted from simulated samples

https://doi.org/10.1103/PhysRevLett.115.111803
https://arxiv.org/abs/2206.12346


𝑹(𝑫∗) Τ𝝉 𝒆
determination

25

,where

Extracted from a fit

We use the strategy used in 𝑅 𝐷∗
𝜏/𝜇 analysis (2015) to extract 

𝑅(𝐷∗) Τ𝜏 𝑒
value

- Use the same fitting variables 

- Include statistical uncertainties in the templates of fitting variables for both signal and 

background with Beeston and Barlow method

- Perform template fit on data to extract 𝑅(𝐷∗) Τ𝜏 𝑒

Extracted from simulated samples

Both rely on large simulation samples

https://doi.org/10.1103/PhysRevLett.115.111803
https://arxiv.org/abs/2206.12346


Samples

Simulation

Only tracking detector and ECAL are simulated to reduce the time consumption of detector 
simulation and the size of file

26

For track kinematic For electron calorimeter response



Samples

Simulation

Samples include signal modes

27

𝐵0 → 𝐷∗(2010)−𝑒+𝑣𝑒 𝐵0 → 𝐷∗(2010)−𝜏+𝑣𝜏



Samples

Simulation

Samples include signal modes

and backgrounds coming from other semi-leptonic modes - physics backgrounds

- Higher excited background : ത𝐵 → 𝐷∗∗ → 𝐷∗𝑛𝜋 ℓ𝑣, (𝑛 ≥ 1)
- 𝐷∗∗ is higher excited charmed state, such as 𝐷0

∗ 2300 , 𝐷1 2420 , 𝐷2
∗(2460), etc.   

28Higher excited background 

PV

𝐵0 → 𝐷∗(2010)−𝑒+𝑣𝑒 𝐵0 → 𝐷∗(2010)−𝜏+𝑣𝜏

ℓ

ℓ denotes 𝑒 or 𝜏



Samples

Simulation

Samples include signal modes

and backgrounds coming from other semi-leptonic modes - physics backgrounds

- Higher excited background : ത𝐵 → 𝐷∗∗ → 𝐷∗𝑛𝜋 ℓ𝑣, (𝑛 ≥ 1)
- 𝐷∗∗ is higher excited charmed state, such as 𝐷0

∗ 2300 , 𝐷1 2420 , 𝐷2
∗(2460), etc.   

- Double charmed background : ത𝐵 → 𝐷∗𝐻𝑐 → ℓ𝑣𝑋 𝑋 , where 𝐻𝑐 is a charmed meson

29Higher excited background Double charmed background 

ℓ denotes 𝑒 or 𝜏

PV PV

𝐵0 → 𝐷∗(2010)−𝑒+𝑣𝑒 𝐵0 → 𝐷∗(2010)−𝜏+𝑣𝜏

ℓ

ℓ



Samples

Simulation

100 M events for 𝐵0 → 𝐷∗−𝑒+𝑣𝑒 and 10 M 𝐵0 → 𝐷∗−𝜏+𝑣𝜏 are prepared

1~5 M events are generated for various physics background modes

30



Samples

Simulation

100 M events for 𝐵0 → 𝐷∗−𝑒+𝑣𝑒 and 10 M 𝐵0 → 𝐷∗−𝜏+𝑣𝜏 are prepared

1~5 M events are generated for various physics background modes

Data

Subset (16%) of good-quality Run 3 data are used in this thesis

31

Block indexes, polarities and luminosities of 2024 data

3.3 𝐟𝐛−𝟏 data are used in this work



Data flow of 𝑩𝟎 → 𝑫∗−𝒆+𝒗 reconstruction

32

View of whole data flow in LHCb



Data flow of 𝑩𝟎 → 𝑫∗−𝒆+𝒗 reconstruction
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View of whole data flow in LHCb

We start from the online reconstruction 



HLT reconstruction

34

𝒗

𝒆+ 𝝅−

𝑫∗−

𝝅+

𝑲−𝑩𝟎

During online reconstruction

In HLT 1, the events are triggered

- Based on the hadronic tracks from 𝐷0 candidates

- Filtered data are stored in buffer

Extra tracks

ഥ𝑫𝟎

PV



HLT reconstruction

35

𝒗

𝒆+ 𝝅−

𝑫∗−

𝝅+

𝑲−𝑩𝟎

During online reconstruction

In HLT 2, we store the following candidates on tape

- Ground-state particles ഥ𝑫𝟎𝒆 are reconstructed & selected

- All extra tracks including 𝝅 from 𝐷∗−(→ ഥ𝐷0𝜋−)

Extra tracks

ഥ𝑫𝟎

PV



Offline processing

36

During offline processing

Due to the limit on data rate, storing all extra tracks is not viable

→ An ML-based Inclusive Multivariate Isolation (IMI) tool was developed to select the 

track candidates

Disk

𝒗

𝒆+ 𝝅−

𝑫∗−

𝝅+

𝑲−𝑩𝟎

Extra tracks

ഥ𝑫𝟎

PV



Inclusive Multivariate Isolation tool

An inclusive and multivariate tool has been developed using 

37



Inclusive Multivariate Isolation tool

An inclusive and multivariate tool has been developed using 

- Inclusive simulation containing various semi-leptonic decays (4 × 104 signal particles)

38



Inclusive Multivariate Isolation tool

An inclusive and multivariate tool has been developed using 

- Inclusive simulation containing various semi-leptonic decays (4 × 104 signal particles)

- Multivariate features include 

- Track Impact Parameters, 

- Spatial & angular properties of extra tracks and base-particles 

- Vertex dynamics and extra-track kinematics
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Inclusive Multivariate Isolation tool

An inclusive and multivariate tool has been developed using 

- Inclusive simulation containing various semi-leptonic decays (4 × 104 signal particles)

- Multivariate features include 

- Track Impact Parameters, 

- Spatial & angular properties of extra tracks and base-particles 

- Vertex dynamics and extra-track kinematics

- Trained using XGBoost, and hyperparameters are tuned using Optuna

- With a loose cut on MVA score

→ Reduce 45 % data size while keep ~ 99 % of signal tracks in offline processing
40



Inclusive Multivariate Isolation tool

An inclusive and multivariate tool has been developed using 

- Inclusive simulation containing various semi-leptonic decays (4 × 104 signal particles)

- Multivariate features include 

- Track Impact Parameters, 

- Spatial & angular properties of extra tracks and base-particles 

- Vertex dynamics and extra-track kinematics

- Trained using XGBoost and hyper parameters are tuned using Optuna

- With a loose cut on MVA score

→ Reduce 45 % data size while keep ~ 99 % of signal tracks in offline processing
41

The study & result of this inclusive multivariate isolation tool has 

been published on Eur. Phys. J. C 86 (2026) 241

https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5


Offline processing with IMI tool

42

During offline processing

- We pair ground-state particles and extra tracks (including 𝝅−) to get the 𝐵0 candidates

- Select and store the extra tracks based on IMI score to the disks

Disk

𝒗

𝒆+ 𝝅−

𝑫∗−

𝝅+

𝑲−𝑩𝟎

Extra tracks

ഥ𝑫𝟎

IMI tool

PV

with



𝑩𝟎 → 𝑫∗−𝒆+𝒗 reconstruction in tuple making

43

At the tuple making stage

- At the final stage, we reconstruct the 𝐵0 candidates with filtered ഥ𝑫𝟎𝒆+and extra tracks to 

make tuples which includes various physics quantities

- The 𝐵0 is the signal candidate if it is reconstructed with ഥ𝑫𝟎𝒆+ and 𝝅−, otherwise 

background

𝒗

𝒆+ 𝝅−

𝑫∗−

𝝅+

𝑲−ഥ𝑫𝟎𝑩𝟎

Extra tracks

PV



Fitting variables

We use the following fitting variables to distinguish different decays

- 𝑀miss
2 = (𝑝𝐵0 − 𝑝𝐷∗− − 𝑝𝑒+)

2

- 𝑞2 = (𝑝𝐵0 − 𝑝𝐷∗−)2

- 𝐸𝑒
∗: Electron energy in 𝐵0 rest frame, which are derived from reconstructed  റ𝑝𝐵0

44𝑫∗𝒆 and 𝑫∗𝝉 sample are well separated ! 



Due to the presence of neutrino(s) , 

The reconstruct 𝐵0 kinematics are not accurate and need to be corrected

𝑩𝟎 kinematic reconstruction

45

𝐵0 → 𝐷∗−𝑒+𝑣𝑒 𝐵0 → 𝐷∗−𝜏+𝑣𝜏



We reconstruct 𝐵0 kinematics in the following procedure :

- Correct reconstructed (𝒑𝑩𝟎)𝒛 with true 𝒎𝑩𝟎

𝑩𝟎 kinematic reconstruction

46



We reconstruct 𝐵0 kinematics in the following procedure :

- Correct reconstructed (𝒑𝑩𝟎)𝒛 with true 𝒎𝑩𝟎

- Correct the 𝑩𝟎 flight direction with the positions of PV and 𝑩𝟎 vertex

𝑩𝟎 kinematic reconstruction

47



We reconstruct 𝐵0 kinematics in the following procedure :

- Correct reconstructed (𝒑𝑩𝟎)𝒛 with true 𝒎𝑩𝟎

- Correct the 𝑩𝟎 flight direction with the positions of PV and 𝑩𝟎 vertex

- Derive 𝒑𝑩𝟎 using the flight direction and corrected (𝒑𝑩𝟎)𝒛

𝑩𝟎 kinematic reconstruction

48

𝒑𝑩𝟎 = (𝑝𝐵0)𝑧/ cos 𝛼 , where 𝛼 is angle between flight direction and the z-axis

flight direction 𝑩𝟎

𝑧-axis

𝛼



Bremsstrahlung of electrons 

49

𝐵0 → 𝐷∗−𝒆+𝑣𝑒 𝐵0 → 𝐷∗−𝜏+𝑣𝜏, 𝜏
+ → 𝒆+𝑣𝑒 ҧ𝑣𝜏

Bremsstrahlung recovery

- Extrapolate the electron track to the ECAL

- Associate compatible ECAL photon clusters

- Add the recovered photon energy to the electron 

momentum



Bremsstrahlung of electrons 

50

𝐵0 → 𝐷∗−𝒆+𝑣𝑒 𝐵0 → 𝐷∗−𝜏+𝑣𝜏, 𝜏
+ → 𝒆+𝑣𝑒 ҧ𝑣𝜏

Bremsstrahlung recovery

- Extrapolate the electron track to the ECAL

- Associate compatible ECAL photon clusters

- Add the recovered photon energy to the electron 

momentum

Bremsstrahlung is successfully recovered for ~60% of electrons



Bremsstrahlung recovery in fitting variables

51

We split the data samples into two categories: with and w/o bremsstrahlung recovery

These datasets are be fitted simultaneously



MC correction

52

PID
The simulation samples are simulated without RICH 

→ Generate data-driven PID response using PID resampling



MC correction

53

PID
The simulation samples are simulated without RICH 

→ Generate data-driven PID response using PID resampling

Kinematics & multiplicity 
The simulation is not perfect, leading to discrepancies between data and MC

Control mode 

before re-weight



MC correction

54

PID
The simulation samples are simulated without RICH 

→ Generate data-driven PID response using PID resampling

Kinematics & multiplicity 
The simulation is not perfect, leading to discrepancies between data and MC

→ Train a NN reweighter on the control sample and apply the resulting weights to simulation

Control mode 

before re-weight

Control mode 

after re-weight



Background suppression



Combinatorial and mis-ID backgrounds
Combinatorial backgrounds: random track combinations

- Fake 𝐷∗−(→ ഥ𝐷0𝜋−) : fake ഥ𝐷0 or true ഥ𝐷0 + random 𝜋−

- Combinatorial 𝐵0 → 𝐷∗− + random 𝑒+

𝒆 mis-ID background: 

- hadron / muon / ghost track reconstructed as the electron track

56
Comb. 𝑩𝟎 → 𝑫∗−𝒆+ 𝒆 misID backgroundFake 𝑫∗− → ഥ𝑫𝟎𝝅−

PV

Signal mode 𝐵0 → 𝐷∗−𝑒+𝑣𝑒



Combinatorial and mis-ID backgrounds
Combinatorial backgrounds: random track combinations

- Fake 𝐷∗−(→ ഥ𝐷0𝜋−) : fake ഥ𝐷0 or true ഥ𝐷0 + random 𝜋−

- Combinatorial 𝐵0 → 𝐷∗− + random 𝑒+

𝒆 mis-ID background: 

- hadron / muon / ghost track reconstructed as the electron track

57

Signal mode 𝐵0 → 𝐷∗−𝑒+𝑣𝑒

Comb. 𝑩𝟎 → 𝑫∗−𝒆+ 𝒆 misID backgroundFake 𝑫∗− → ഥ𝑫𝟎𝝅−

PV

Suppress Construct templates from control data



Fake 𝑫∗−(ഥ𝑫𝟎 + random 𝝅−) suppression

58

Selection on ∆𝑀𝐷∗ ≡ 𝑀𝐷∗ −𝑀𝐷0 rejects backgrounds from random pion

Still combinatorial background remaining

𝐵0 → 𝐷∗−𝑒+𝑣𝑒 mc



Fake 𝑫∗−and ഥ𝑫𝟎 suppression 

59

To project out the remaining backgrounds from

- 𝐷∗−(ഥ𝐷0 + random 𝜋−) combinations (True 𝐷0 Fake 𝐷∗)

- Fake ഥ𝐷0 candidates (Fake 𝐷0)

𝑠𝑊𝑒𝑖𝑔ℎ𝑡 technique is used and the weight is computed by performing 2D 𝑀𝐷0 × ∆𝑀𝐷∗

binned-fit on data.
Block 8 data



Fake 𝑫∗−and ഥ𝑫𝟎 suppression 

60

To project out the remaining backgrounds from

- 𝐷∗−(ഥ𝐷0 + random 𝜋−) combinations (True 𝐷0 Fake 𝐷∗)

- Fake ഥ𝐷0 candidates (Fake 𝐷0)

𝑠𝑊𝑒𝑖𝑔ℎ𝑡 technique is used and the weight is computed by performing 2D 𝑀𝐷0 × ∆𝑀𝐷∗

binned-fit on data.
Block 8 data

Apply the weight on data to suppress background



Mis-identification background

𝜋, 𝐾, 𝑝, 𝜇 and ghost tracks are mis-identified as signal electrons

A mis-ID-enriched data control sample is selected by reversing the electron-ID requirement

Templates are constructed from this control sample

and used to model the mis-ID background in the fit

61



Physics background

Dominant background in the previous LHCb 𝑹(𝑫∗)𝝉/𝝁 analyses

Background treatment : 

- Suppressed using vertex isolation

- In the fit, model with dedicated templates constructed from simulation

62Higher excited background Double charmed background 

Noted : ℓ denotes 𝑒 or 𝜏

PV

ℓ

ℓ

Signal mode 𝐵0 → 𝐷∗−𝑒+𝑣𝑒



Vertex isolation

63

𝐵0 → 𝐷∗−ℓ+𝑣ℓ signal : only single high MVA 𝜋 𝐵0 → 𝐷∗∗− → 𝐷∗𝑛𝜋 ℓ+𝑣ℓ bkg : multiple high MVA 𝜋′𝑠

The IMI MVA  is used to reject this background

We remove the events containing multiple extra pions with high IMI scores

ℓ



Vertex isolation

64

After vertex-isolation, 

- The retention rate is around (10-80) % across different background channels

- Retain more than 85 % signal candidates

ℓ

𝐵0 → 𝐷∗−ℓ+𝑣ℓ signal : only single high MVA 𝜋 𝐵0 → 𝐷∗∗− → 𝐷∗𝑛𝜋 ℓ+𝑣ℓ bkg : multiple high MVA 𝜋′𝑠



𝑹(𝑫∗) Τ𝝉 𝒆
extraction



𝑹(𝑫∗) Τ𝝉 𝒆
determination

66

,where

Extracted from a 3D (𝒒𝟐 ×𝑴𝒎𝒊𝒔𝒔
𝟐 × 𝑬𝒆

∗) binned template fit 

Evaluated in MC



Template preparation - binning scheme

67

The templates are constructed based on the following binning scheme

6 bins 30 bins 25 bins



Template preparation

Signal modes and physics backgrounds 

- Templates are constructed using simulation samples

- 13 decay modes × 2 brems category × 4 (blocks) templates 

Combinatorial 𝑩𝟎 → 𝑫∗−𝒆+ and mis-identified electron backgrounds

- Templates are constructed using control data

- 2 comb. ,mis ID × 2 brems category × 4 (blocks) templates 

68



The bremsstrahlung fractions serve as bridge to connect datasets with and w/o bremsstrahlung 
recovery, 

The fractions are extracted from MC samples, and treated differently due to the difference in the 
electron kinematic across different decays 

Bremsstrahlung fraction in fitter

69

𝑁𝑡 : yield of template t
𝑓𝑡 : bremsstrahlung fraction of template t



Bremsstrahlung fraction  

70



Bremsstrahlung fraction 

71

𝑓𝐷∗∗𝑒𝑣

𝑓𝐷∗∗𝜏𝑣

𝑓𝐷0𝑋𝑐𝑒

𝑓𝐷0𝐷𝑠
−𝜏

𝑓𝐷𝑠𝑒𝑣

𝑓𝐷∗𝑒𝑣

𝑓𝐷∗𝜏𝑣

Some decays are grouped to share common 𝑓 to reduce the # of fitting variables 

Re-evaluate common 𝑓 across all blocks based on the lumi to reduce the # of  fitting variables 



Bremsstrahlung fraction after grouping 
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Serve as initial values in the fitter



Overview of the fitter

To extract 𝑅(𝐷∗) Τ𝜏 𝑒
, the blocks 5-8 data are fitted simultaneously.

BRs, 𝑅(𝐷∗) Τ𝜏 𝑒
and 𝑓 are common variables across blocks 5-8 data. 
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Overview of the fitter

In block b and brems category c,

74

: Floated parameter



Overview of the fitter

In block b and brems category c,

75

: Floated parameter

𝑅(𝐷∗∗) ≡
𝐵𝑅(𝐵 → 𝐷∗∗𝜏𝑣)

𝐵𝑅(𝐵 → 𝐷∗∗𝜇𝑣) LHCb 𝑅(𝐷∗∗) result 

: Gaussian constrained parameter

https://journals.aps.org/prl/abstract/10.1103/rj9h-n4w1


Overview of the fitter

In block b and brems category c,

76

: Floated parameter : Gaussian constrained parameter

Brems fractions obtained from 

data-driven templates are fixed



Overview of the fitter

In block b and brems category c,

77

: Floated parameter : Gaussian constrained parameter

Brems fractions obtained from 

data-driven templates are fixed19 free parameters

8 Gaussian constrained parameters 

23 fixed parameters (including efficiencies, number of produced B 

mesons and brems ratio for mis-ID and comb. 𝑫∗−𝒆+ components)



Blinded fit setup & procedure
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Setup : 

Simultaneous fit to blocks 5 - 8 in two bremsstrahlung categories with Beeston Barlow (BB) 
lite method 

Bin index 1 2 3 4 5

Fitted scaled factor 0.7 1.6 1.1 0.8 1.5

Default template Template varied with BB lite 

BB lite method

Allows each bin scaling factor 

to vary during minimization



Blinded fit setup & procedure
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Setup : 

Simultaneous fit to blocks 5 - 8 in two bremsstrahlung categories with Beeston Barlow (BB) 
lite method 

𝑅(𝐷∗) and 𝐵0 → 𝐷∗−𝑒+𝑣𝑒 branching fraction are blinded by hidden scale factors



Blinded fit setup & procedure
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Setup : 

Simultaneous fit to blocks 5 - 8 in two bremsstrahlung categories with Beeston Barlow (BB) 
lite method 

𝑅(𝐷∗) and 𝐵0 → 𝐷∗−𝑒+𝑣𝑒 branching fraction are blinded by hidden scale factors

Procedure : 

Use best-fit values to 

initialize the final fit
Initial fit - BB off

Determine the fit parameters 

(BRs, brems fractions …)

Nominal fit - BB on
Account for finite template statistics

with constrained nuisance parameters



Fit result - block 5 data
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Blinded results including template size uncertainty

Preliminary blinded result : 𝑹(𝑫∗) Τ𝝉 𝒆
and 𝑩𝟎 → 𝑫∗−𝒆+𝒗𝒆 branching fraction
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To evaluate the pure statistical uncertainty,

Blinded results including template size uncertainty

Nominal fit - BB on
Account for finite template statistics

with constrained nuisance parameters

Fix template nuisance parameters 

to their post-fit values​ 

Stat-only fit - BB off
Determine the statistical uncertainty

Preliminary blinded result : 𝑹(𝑫∗) Τ𝝉 𝒆
and 𝑩𝟎 → 𝑫∗−𝒆+𝒗𝒆 branching fraction
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To evaluate the pure statistical uncertainty,

Preliminary blinded result : 𝑹(𝑫∗) Τ𝝉 𝒆
and 𝑩𝟎 → 𝑫∗−𝒆+𝒗𝒆 branching fraction

Blinded results including template size uncertainty

Nominal fit - BB on
Account for finite template statistics

with constrained nuisance parameters

Fix template nuisance parameters 

to their post-fit values​ 

Stat-only fit - BB off
Determine the statistical uncertainty

Measurement Relative stat. 𝝈 Luminosity

Run 1 muonic 𝑅(𝐷∗) Τ𝜏 𝜇
6.4 % (ref) 3 fb−1

Run 2 hadronic 𝑅(𝐷∗) Τ𝜏 𝜇
5.8 % (ref) 2 fb−1

Run 2 muonic 𝑅(𝐷∗) Τ𝜏 𝜇
20 %  (ref) 2 fb−1

This measurement 4.7 % 3.3 𝐟𝐛−𝟏

Comparable with the LHCb 𝑹(𝑫∗) Τ𝝉 𝝁
measurements !

Updated since thesis submission

https://arxiv.org/abs/2302.02886
https://arxiv.org/abs/2305.01463
https://arxiv.org/abs/2406.03387


Fitter validation
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Pull = (𝑁𝑓𝑖𝑡 − 𝑁𝑒𝑥𝑝𝑒𝑐𝑡)/𝜎𝑓𝑖𝑡

Bias on BR(𝑩𝟎 → 𝑫∗−𝒆+𝒗𝒆) but 𝑹(𝑫∗) looks fine

Perform fits on 1000 pseudo-experiments



Conclusions - 𝑹(𝑫∗) Τ𝝉 𝒆
analysis

Achievements

- Run 3 analysis framework established for the 𝑅(𝐷∗) Τ𝜏 𝑒
measurement 

- First blinded 𝑹(𝑫∗)𝝉/𝒆 fit performed using 3D binned-template fit on a subset of 2024 data

- Preliminary stat. precision is comparable to LHCb 𝑹(𝑫∗) Τ𝝉 𝝁
measurements in Run 1 & 2

Next steps

- Evaluation of systematic uncertainties 

- Fit-model validation and investigation of background-component behaviour 

- Fit of background enriched control sample for better modelling of physics backgrounds

- Extension to the full Run 3 data
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Secondary Vertex 
Reconstruction in LHCb



High level triggers in Run 3 LHCb

Run 3 operates at ∼5 times the Run 2 instantaneous luminosity

→ The software-only high-level-trigger (HLT) heavily reduces the data rates
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Towards full reconstruction on GPUs

After Upgrade II, Run 5 (2034 - 2036) will operate at 4 × higher inst. luminosity 

→ The number of interaction per bunch is increased from 5 to 20

Much more demanding real-time event reconstruction in LHCb (arxiv.2511.03883)

→ R&D is underway to run the full HLT2 reconstruction on GPUs

→ Motivates HLT1–HLT2 reconstruction comparisons

This work : 

Compares the secondary-vertex reconstruction in HLT1 and HLT2

89

GPU CPU

https://arxiv.org/abs/2511.03883


Sample

𝐵+ → 𝐽/𝛹 𝐾+ MC sample, with 𝐽/𝛹 → 𝜇+𝜇− as the secondary vertex

Served as an ideal choice 

- Only lepton-identification information is available in HLT1

- Compared with electrons, 

- Muons are more robustly identified

- Do not require bremsstrahlung recovery 
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Vertex reconstruction in HLT2 

91

The initial vertex position (𝐗) is determined by the midpoint 

of POCA (point of closest approach) between the two tracks



Vertex reconstruction in HLT2 

92

The initial vertex position (𝐗) is determined by the midpoint 

of POCA (point of closest approach) between the two tracks

In each vertex-fit iteration :  

Update the vertex position to 𝐗∗ based on 𝑃𝑂𝑆𝑡𝑟𝑘 and 𝜎𝑡𝑟𝑘

Update the track slope & momentum 

Check vertex-fit convergence If not converge



Vertex reconstruction in HLT2 
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The initial vertex position (𝐗) is determined by the midpoint 

of POCA (point of closest approach) between the two tracks

In each vertex-fit iteration :  

Update the vertex position to 𝐗∗ based on 𝑃𝑂𝑆𝑡𝑟𝑘 and 𝜎𝑡𝑟𝑘

Update the track slope & momentum 

Check vertex-fit convergence If no

In this stage, both the vertex position and the corresponding uncertainty are determined



Vertex reconstruction in HLT1
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Unlike HLT2, HLT1 reconstructs vertex candidates in GPU threads in parallel to 
achieve high-throughput GPU execution

Main differences : 

The track position weight matrix is diagonal 

→ neglect the correlation between x and y

Vertex position is updated using a single step from POCA

→ ensure all threads perform the same sequence of operations

Simpler vertex-fit algorithm but optimized in real-time event processing 



Vertex position in HLT1 and HLT2
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Resolution of vertex position is worse in HLT1 (blue) due to

simpler reconstruction procedure, but the results in different 

triggers are comparable 



Conclusions - SV reconstruction

Achievements

- Extended and validated a framework for evaluating HLT2 secondary-vertex reconstruction 
performance

- Co-developed a conversion framework to represent HLT1 objects as HLT2-compatible particle 
objects, enabling direct performance comparisons

- Performed a direct comparison of HLT1 and HLT2 secondary-vertex reconstruction

Next step

- Integrate the developed tools into the central LHCb software framework
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Prospects



Run 3 𝑹 𝑫∗
𝝉/𝒆 analysis

- The statistical precision could reach ~ 0.5 %

by the end of Run 5

- Controlling systematic uncertainty will be 

the biggest challenge

- With Upgrade II, the NP searches will continue 

through other observables (angular analysis) and 

other decay modes (𝐵𝑠, 𝐵𝑐 , 𝛬𝑏, etc. )

Secondary vertex reconstruction in HLT1 and HLT2

- Developed tools fit into the broader effort of HLT1-HLT2 comparison studies

- Provides a step toward HLT2 reconstruction on GPUs for Upgrade II
98



Thanks for listening



Backup
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Hamitonian : 𝒃 → 𝒄𝒍𝒗

How can LFU be violated ?  

Effective Field Theory (EFT): describes the low-energy effects of heavy new physics (NP) 
without specifying the full underlying theory 

In EFT framework, the 𝑏 → 𝑐𝑙𝑣 transition can be described by

- :      : Effective operator

- : Wilson coefficient encoding possible NP contributions



𝑹 𝑫∗ experiments 
vs theoretic
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Generator cuts used in simulation sample
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Sample

Simulation

100 M events for 𝐵0 → 𝐷∗−𝑒+𝑣𝑒 and 10 M 𝐵0 → 𝐷∗−𝜏+𝑣𝜏 are prepared

1~5 M events are generated for various physics background modes

104

Higher excited bkg

Double charmed bkg

Signal modes



Expected yields in data 
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We shall have 18.56 × 1010 𝐵0/+ (6.7 × 109 𝐵𝑠
0) 

mesons produced in block 8 data

With the formula

𝑁𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 𝑁𝐵 × ℬ𝑐ℎ𝑎𝑛𝑛𝑒𝑙 × 𝜖𝑔𝑒𝑛 × 𝜖𝑡𝑟𝑔 × 𝜖𝑜𝑓𝑓
We can derive the expected yields in data for each decay

Produced beauty mesons within LHCb acceptance, from Ref

https://indico.cern.ch/event/1558249/contributions/6717659/


Reconstructed statistics vs expected yields
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Trigger efficiency Run 2 vs Run 3
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Electron yields in Run 1-3
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Trigger selections used in HLT2
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Replicate the re-sprucing selections

110

The 2024 re-sprucing campaign uses HLT2 selections before re-tunning and 

Sprucing line with tuned HLT2 selections

Old cuts
A cut at 

15 GeV

Leads discontinuous variable distributions

New cuts



Replicate the re-sprucing selections
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With MC flag and dedicated selections,

MC Re-sprucing data

We reproduce discontinuous selection



Training sample
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Inclusive simulation contains 4 × 104

signal particles and 50-100 × more bkg

per channel across various semileptonic

decays in simulation.

Data split : 

70 % training, 15 % validation 

15 % evaluation

Train/valid : bkg down-sampled to 

match signal.

Eval : full imbalance (≥50:1) 

kept for realistic Run-3 conditions.

Eur. Phys. J. C 86 (2026) 241

https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5


Signal and Background definition
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Produced at the 

displaced secondary 

and tertiary vertex of 

the b-hadron decay

Referred to as non-isolated tracks

Eur. Phys. J. C 86 (2026) 241

SIGNAL

https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5


Signal and Background definition
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Eur. Phys. J. C 86 (2026) 241

SIGNAL

Produced at or near the PV

Originating from the decay of 

the other b-hadron in the event

Referred to as isolated tracks

https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5


Input Features

115

Features involve

Track Impact Parameters

Spatial & angular properties of extra tracks 

and base-particles 

Vertex dynamics and extra tracks kinematics

Eur. Phys. J. C 86 (2026) 241

https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5


SHAP value
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The SHapley Additive exPlanations

quantifies the contribution of each 

feature to the model. 

https://arxiv.org/abs/1705.07874


Training configuration and result
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No evidence of overtraining observed

The Extreme Gradient Boosting algorithm is selected.

Hyperparameters are optimized using the Bayesian 

optimization framework Optuna.

The objective is to minimize the Kolmogorov-

Smirnov statistic between the classifier outputs on the 

training and validation sets.

→ Suppress overfitting 

Eur. Phys. J. C 86 (2026) 241

https://dl.acm.org/doi/10.1145/2939672.2939785
https://arxiv.org/abs/1907.10902
https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5


Classical isolation algorithms
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How displaced are signal 

candidates or signal tracks 

with respect to the given 

primary vertex (PV) ?

What are the properties of 

particles within a given cone 

radius (𝜂 − 𝜙 plane) relative 

to the signal ?

How compatible is the signal 

candidate/track with the given 

secondary vertex (SV)? 

Eur. Phys. J. C 86 (2026) 241

https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5


Performance : signal efficiency vs bkg
rejection
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Compared with the classical isolation algorithm, 

IMI algorithm demonstrates a clear advantage.

With 99 % signal efficiency,  90–95 % 

background is rejected.

Eur. Phys. J. C 86 (2026) 241

https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5


Finding charged 𝝅 from 𝑫∗−(→ ഥ𝑫𝟎𝝅−)

We trained a model using XGBoost to identify tracks 

that likely originate from the B hadron decay.

Details can be found in here.
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Signal child 

Ex : ഥ𝑫𝟎𝒆+
Extra pion

Parent particle

Ex : 𝑩𝟎

After the online trigger reconstruction

Physics quantities 

of each parent particle

Acquire the

isolation MVA

https://indico.cern.ch/event/1396208/contributions/5917078/attachments/2845476/4975001/isolationToolsRun3.pdf
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Training variables - 𝒆 and 𝝁 cocktails

Variables of 𝑒 / 𝜇 samples look identical 



Performance - 𝒆 cocktail track isolation 
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With cut > 0.08 : 

Around 10 tracks per event remain, preserving almost all of the events we are interested in ! 

In terms of file size, it reduces the number of tracks by approximately a factor of 10 



Performance - 𝝁 cocktail track isolation
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We evaluate 𝑒 training model on 𝜇 cocktail samples. The performance still good 
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Bremsstrahlung emission in LHCb
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Bremsstrahlung recovery in kinematics

126𝐩𝐞
𝐫𝐞𝐜 − 𝐩𝐞

𝐭𝐫𝐮𝐞 [GeV/c]𝐩𝐞
𝐫𝐞𝐜 [GeV/c]

𝐵0 → 𝐷∗−𝒆+𝑣𝑒

𝐵0 → 𝐷∗−𝜏+𝑣𝜏, 𝜏
+ → 𝒆+𝑣𝑒 ҧ𝑣𝜏



Schematic representation of PID resampling
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Plot reference

https://arxiv.org/pdf/1803.00824


MC corrections - PID resampling
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i-th MC cand with (𝒑𝑻
𝒊 , η𝒊, 𝑵𝒆𝒗𝒕

𝒊 )

𝐏𝐈𝐃𝐌𝐂
𝐧𝐞𝐰~𝒇𝒅𝒂𝒕𝒂(𝐏𝐈𝐃|𝒑𝑻

𝒊 , η𝒊, 𝑵𝒆𝒗𝒕
𝒊 )

𝒇𝒅𝒂𝒕𝒂 for 𝑲+, 𝝅− :                               control data 

𝒇𝒅𝒂𝒕𝒂 for 𝒆− :                                control data 

PID distribution

𝒇𝒅𝒂𝒕𝒂(𝐏𝐈𝐃|𝒑𝑻
𝒊 ,η𝒊, 𝑵𝒆𝒗𝒕

𝒊 )

MC sample simulated 

without RICH

Multi-dimensional model

𝒇𝒅𝒂𝒕𝒂(𝐏𝐈𝐃, 𝒑𝑻,η,𝑵𝒆𝒗𝒕)
built from control data



HLT2 selections of 𝑩𝟎 → Τ𝑱 𝜳𝑲∗𝟎 control 
sample
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Offline selections of 𝑩𝟎 → Τ𝑱 𝜳𝑲∗𝟎 control 
sample
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𝑩𝟎 → Τ𝑱 𝜳𝑲∗𝟎 control sample bkg sub-
straction fit
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MC corrections - kinematics & multiplicity 

132Without weight With weight

control sample



Comparison of different methods for 
mcreweight
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𝑴𝑫𝟎 × ∆𝑴𝑫∗ fit on block 7 data
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True 𝑫𝟎 True 𝑫∗ True 𝑫𝟎 Fake 𝑫∗ Fake 𝑫𝟎

Number of yields in data 2.2 M 1.2 M 0.5 M



Mis-identification background

Mis-ID backgrounds are distinguished in the fit

→ Need to quantify the true yields 𝒏𝒕𝒓𝒖𝒆 of each misidentified track category
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Mis-identification background

Mis-ID backgrounds are distinguished in the fit

→ Need to quantify the true yields 𝒏𝒕𝒓𝒖𝒆 of each misidentified track category

The true yields 𝑛true can be unfolded using 

- Reconstructed yields 𝒏𝐫𝐞𝐜

→ Determined using bkg-enriched control sample : data with reversed electron ID cut ( PIDe < 2)

- Mis-ID matrix

→ Obtained from calibration group and MC study
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Vertex isolation procedure
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BDT

Event 1

𝐵1
− 𝜋1

+ 0.998

𝐵1
− 𝜋2

+ 0.969

𝐵1
− 𝜋3

+ 0.903

𝐵2
− 𝜋1

+ 0.856

𝐵1
− 𝜋4

+ 0.821

𝐵2
− 𝜋3

+ 0.411

Event 2

𝐵1
− 𝜋1

+ 0.995

𝐵1
− 𝜋2

+ 0.992

𝐵2
− 𝜋1

+ 0.956

𝐵2
− 𝜋2

+ 0.827

𝐵1
− 𝜋3

+ 0.733

𝐵2
− 𝜋3

+ 0.591

Step 1 : rank the 𝑩𝟎 candidates in each event Step 2 : Remove the event if the second candidate has BDT > 0.99 

BDT

Event 1

𝐵1
− 𝜋1

+ 0.998

Passed

𝐵1
− 𝜋2

+ 0.969

𝐵1
− 𝜋3

+ 0.903

𝐵2
− 𝜋1

+ 0.856

𝐵1
− 𝜋4

+ 0.821

𝐵2
− 𝜋3

+ 0.411

Event 2

𝐵1
− 𝜋1

+ 0.995

Remove

event2

𝐵1
− 𝜋2

+ 0.992

𝐵2
− 𝜋1

+ 0.956

𝐵2
− 𝜋2

+ 0.827

𝐵1
− 𝜋3

+ 0.733

𝐵2
− 𝜋3

+ 0.591



Vertex isolation procedure
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BDT

Event 1

𝐵1
− 𝜋1

+ 0.998

𝐵1
− 𝜋2

+ 0.969

𝐵1
− 𝜋3

+ 0.903

𝐵2
− 𝜋1

+ 0.856

𝐵1
− 𝜋4

+ 0.821

𝐵2
− 𝜋3

+ 0.411

Event 2

𝐵1
− 𝜋1

+ 0.995

𝐵1
− 𝜋2

+ 0.992

𝐵2
− 𝜋1

+ 0.956

𝐵2
− 𝜋2

+ 0.827

𝐵1
− 𝜋3

+ 0.733

𝐵2
− 𝜋3

+ 0.591

Step 1 : rank the 𝑩𝟎 candidates in each event Step 2 : Remove the event if the second candidate has BDT > 0.99 

BDT

Event 1

𝐵1
− 𝜋1

+ 0.998

Passed

𝐵1
− 𝜋2

+ 0.969

𝐵1
− 𝜋3

+ 0.903

𝐵2
− 𝜋1

+ 0.856

𝐵1
− 𝜋4

+ 0.821

𝐵2
− 𝜋3

+ 0.411

Event 2

𝐵1
− 𝜋1

+ 0.995

Removed

𝐵1
− 𝜋2

+ 0.992

𝐵2
− 𝜋1

+ 0.956

𝐵2
− 𝜋2

+ 0.827

𝐵1
− 𝜋3

+ 0.733

𝐵2
− 𝜋3

+ 0.591

Why check the second and third one ? 

Ideally, in 𝐷∗𝜏 or 𝑒 decays, there is only one extra 𝜋 originate from B 

meson, if other high mva extra 𝜋’s exists, that decay might involve a higher 

excited D-meson 

Why remove the whole event ? 

In each collision, multiple B decays occur, but consider the branching ratio 

of our signal channel (10-2) and the signal efficiency (selection and 

detection), it’s unlikely that 𝐷∗∗ and 𝐷∗𝑙 decays would be reconstructed in 

the same event.
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2nd highest MVA ∆𝑴𝑫∗

sideband < 0.995
Sum of top 3 MVA < 

2.995

𝐵0 → 𝐷∗𝑒𝑣 82.8(78.1) 84.7(79.4)

𝐵0 → 𝐷∗𝜏𝑣 85.7(80.9) 86.9(81.5)

𝐵0 → 𝐷∗∗𝑒𝑣 21.5(12.4) 34.4(14.2)

𝐵0 → 𝐷∗∗𝜏𝑣 68.3(58.6) 68.2(56.7)

𝐵+ → 𝐷∗∗𝑒𝑣 57.7(53.8) 58.6(53.5)

𝐵+ → 𝐷∗∗𝜏𝑣 66.6(61.7) 66.7(60.9)

𝐵+ → 𝐷0(𝑋𝑐 → 𝑒𝑣𝑋′) 𝑋 44.9(28.7) 50.2(29.5)

𝐵+ → 𝐷∗∗(𝐷𝑠 → 𝜏𝑣)𝑋 66.4(61.3) 69.1(62.8)

𝐵0 → 𝐷∗∗(𝐷𝑠 → 𝜏𝑣)𝑋 82.0(76.7) 84.0(77.8)

𝐵0 → 𝐷0(𝑋𝑐 → 𝑒𝑣𝑋′) 𝑋 45.5(31.3) 50.9(32.7)

𝐵0 → 𝐷0,1,2
∗∗− 𝑒𝑣 64.5(56.8) 64.4(55.3)

𝐵+ → 𝐷0,1,2
∗∗0 𝑒𝑣 62.2(57.8) 62.5(57.2)

𝐵𝑠
0 → 𝐷𝑠

∗∗𝑒𝑣 81.6(60.4) 84.8(61.7)

Efficiency [%] Vertex isolation (offline selection)



Background MC investigation

𝐵0 → 𝐷∗∗(𝐷𝑠 → 𝜏𝑣)𝑋 1.3 × 10−5 8.5 12.6 80.3 0.86
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Estimated BR Generator cuts [%] Trigger selection [%]
Vertex isolation and 
offline selection [%]

Overall efficiency [%] 

Main source of this cocktail sample 

The only extra particle is 𝜸
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Estimated BR Generator cuts [%] Trigger selection [%]
Vertex isolation and 
offline selection [%]

Overall efficiency [%] 

𝐵+ → 𝐷∗𝑒𝑣 1.3 × 10−3 8.8 28.4 82.4 2.06

𝐵+ → 𝐷∗𝜏𝑣 6.9 × 10−5 8.9 24.8 84.0 1.85

𝐵0 → 𝐷∗∗𝑒𝑣 1.0 × 10−4 8.6 51.4 15.3 0.68

Branching ratio estimation

Signal modes are determined with the PDG value, for cocktail background MC:

1. Search the PDG value of the sub-decays in dec file

The sub-decays 
B0 -> MyD(2750)- e+ nu_e and B0 -> MyD(3000)- e+ nu_e
are found in PDG



142

Estimated BR Generator cuts [%] Trigger selection [%]
Vertex isolation and 
offline selection [%]

Overall efficiency [%] 

𝐵+ → 𝐷∗𝑒𝑣 1.3 × 10−3 8.8 28.4 82.4 2.06

𝐵+ → 𝐷∗𝜏𝑣 6.9 × 10−5 8.9 24.8 84.0 1.85

𝐵0 → 𝐷∗∗𝑒𝑣 1.0 × 10−4 8.6 51.4 15.3 0.68

Branching ratio estimation

Signal modes are determined with the PDG value, for cocktail background MC:

2. Estimate the branching ratios of this dec file The summed BR of sub-decays 
B0 -> MyD(2750)- e+ nu_e and B0 -> MyD(3000)- e+ nu_e
are around 2 × 10−3 and the ratio in decfile is 0.45 + 0.05 = 0.5
the estimated BR is (2 × 10−3)/( Τ0.5

1.0) = 4 × 10−3

Consider the BR for 𝐷∗−(→ 𝐷0𝜋−) and 𝐷0(→ 𝐾𝜋)
We get BR ~ 1.0 × 10−4



Efficiency determination
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Estimated BR Generator cuts [%] Trigger selection [%]
Vertex isolation and 
offline selection [%]

Overall efficiency [%] 

𝐵+ → 𝐷∗𝑒𝑣 1.3 × 10−3 8.8 28.4 82.4 2.06

𝐵0 → 𝐷∗∗𝑒𝑣 1.0 × 10−4 8.6 51.4 15.3 0.68

Step 1 : Prepare MC tuples which only contain generator level information

Using FuntupleMC and 
decay descriptors

Descriptor for signal mode Descriptor for cocktail sample

Step 2 : 
Get the number of truth-matched candidates after trigger cuts
Divide this number by number of entries in the MC tuple

https://gitlab.cern.ch/lhcb-datapkg/AnalysisProductions/-/merge_requests/4043


Efficiency determination
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Estimated BR Generator cuts [%] Trigger selection [%]
Vertex isolation and 
offline selection [%]

Overall efficiency [%] 

𝐵+ → 𝐷∗𝑒𝑣 1.3 × 10−3 8.8 28.4 82.4 2.06

𝐵+ → 𝐷∗𝜏𝑣 6.9 × 10−5 8.9 24.8 84.0 1.85

𝐵0 → 𝐷∗∗𝑒𝑣 1.0 × 10−4 8.6 51.4 15.3 0.68

Number of truth-matched candidates after trigger selections, vertex isolation and ∆𝑀𝐷∗ cut 

Number of truth-matched candidates after trigger selections

Defined as 



Cumulative selection efficiencies in block 8
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Generator cuts :

Cuts used in event generation

Trigger selections :

Selections in trigger line

Offline selection :

∆𝑀𝐷∗ selection & physics

background suppression



Cumulative selection efficiencies in 
block 5
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Cumulative selection efficiencies in 
block 6
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Cumulative selection efficiencies in 
block 7
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What does Barlow-Beeston lite do ?

When turn on Barlow-Beeston lite, fitter vary the bin scaling factors 𝛾 to include 
the uncertainty of the template statistics.

And 𝛾 is constrained by the Poisson function with 𝜏 as the mean value

And the effective bin count - 𝜏 is defined as 
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,where b is the index of bin

,where 𝑣 and 𝜎 are sum of weight and uncertainty



Template preparation - simulation

Construct templates of signal channels and physics background using MC samples
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With brems correction

Without brems correction

Signal modes



Template preparation - simulation

Construct templates of signal channels and physics background using MC samples
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With brems correction

Without brems correction

𝑩𝟎 → 𝑫∗∗𝒆 𝝉 𝒗 background



Construct templates of signal channels and physics background using MC samples

𝑩+ → 𝑫∗∗𝒆 𝝉 𝒗 and 𝑩𝒔
𝟎 → 𝑫𝒔

∗∗𝒆𝒗 background

Template preparation - simulation
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With brems correction

Without brems correction



Template preparation - simulation

Construct templates of signal channels and physics background using MC samples
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With brems correction

Without brems correction

Double charmed background



Template preparation – data driven

Construct combinatorial and mis-identified electron background from 

Wrong-signed 𝑫∗−𝒆− data and data with reverse PIDe requirement 
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With brems correction

Without brems correction

*See Tommaso’s talk for details 

of mis-ID preparation

https://indico.cern.ch/event/1674829/#49-pid-and-misid-for-electrons


Calibration of Bremsstrahlung fraction 

To calibrate the MC brems fractions in MC, a 2D data/MC ratio map in electron 𝑝𝑇
and η , derived from the control channel is prepared. 
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Calibration map of bremsstrahlung fraction - block5
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Calibration map of bremsstrahlung fraction - block6
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Calibration map of bremsstrahlung fraction - block7
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Electron kinematic - signal and 𝑩𝒔
𝟎 decays 
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Electron kinematic - physics background
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Constraint on physics backgrounds

The ratio between 𝐵 → 𝐷∗∗𝜏𝑣 and 𝐷∗∗𝑒𝑣 with the 𝑅(𝐷∗∗) measurement (37 %) 

The BRs of 𝐵0 → 𝐷∗∗(𝐷𝑠 → 𝜏𝑣)𝑋 and 𝐵+ → 𝐷∗∗(𝐷𝑠 → 𝜏𝑣)𝑋 are constrained (25 % and 50 %) 
based on the measured BR in PDG, for the decays not measured, assign 50 % uncertainty. 
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https://journals.aps.org/prl/abstract/10.1103/rj9h-n4w1


Fit result - block 6
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Fit result - block 7
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Fit result - block 8
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Preliminary blinded result : physics backgrounds

Validation of physics background yields

- Direct validation is limited: many exclusive branching fractions are poorly measured

- Some Gaussian-constrained parameters shift significantly from their prior values
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Background yields checks

- Combinatorial 𝐷∗− + random 𝑒+ enhanced in block 8 data

- Mis-ID yields / fb fluctuate across data blocks

- Further investigation is ongoing

Preliminary blinded result : combinatorial and mis-ID backgrounds
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Preliminary blinded result : Bremsstrahlung fractions 

Bremsstrahlung fraction checks

- 𝑓𝐷∗𝑒𝑣 is consistent with the estimated value

- 𝑓𝐷∗𝜏𝑣 and 𝑓𝐷∗∗𝜏𝑣 show deviations from the table of calibrated values

Calibrated values



Toy validation - setup

Generate the psudo-experiment data histogram from the fitting template

- Expected yields estimated using efficiencies and number of estimated B mesons in 
each blocks

- The statistics in each bin follows Poisson distribution

- To account for effect of BB method, we applied generated binning scaling factors 
to include the shape variations 

- Extract 𝜏 of the template for each bin

- Generate new random  𝜏 , defined as 𝜏′ using gamma function

- Evaluate new scaling factor for each bin   𝛾𝑏 = Τ𝜏𝑏
′ 𝜏𝑏 and apply it to change the sum of 

weight for the bin b, which changes the template shape

- Generate toy data with the varied template

169,where 𝑣 and 𝜎 are sum of weight and uncertainty

Effective bin count - 𝜏 is defined as 
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The relative statistical uncertainty of 𝑅(𝐷∗) Τ𝜏 𝑒
is 4.7 %

The systematic uncertainty for template size is

Run 1 muonic 𝑅(𝐷∗) Τ𝜏 𝜇
: 5.3 % ref with 3 fb−1

Run 2 hadronic 𝑅(𝐷∗) Τ𝜏 𝜇
: 1.8 % ref with 2 fb−1

Run 2 muonic 𝑅(𝐷∗) Τ𝜏 𝜇
: 7.5 %  ref with 2 fb−1

Run 3 electronic 𝑹(𝑫∗) Τ𝝉 𝒆
: 5.7 %     with 3.3 𝐟𝐛−𝟏

Preliminary blinded result for 𝑹(𝑫∗) Τ𝝉 𝒆
extraction 

Blinded parameters obtained with BB

𝜎𝐵𝐵 = 𝜎𝑤𝑖𝑡ℎ 𝐵𝐵
2 − 𝜎𝑠𝑡𝑎𝑡

2 ≈ 5.7%

https://arxiv.org/abs/2302.02886
https://arxiv.org/abs/2305.01463
https://arxiv.org/abs/2406.03387
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Mis-ID templates syst. uncertainty

We have 3 binning scheme and unfolding methods for mis-ID template construction

- coarse, default and fine for binning scheme

- scipy, pyunfold and minuit for methods
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Mis-ID templates syst. uncertainty

We have 3 binning scheme and unfolding methods for mis-ID template construction

- coarse, default and fine for binning scheme

- scipy, pyunfold and minuit for methods

Procedure : 

- Fit the data using each templates, e.g. coarse scipy, fine pyunfold, fine minuit …

- Record the blinded 𝑅(𝐷∗) values using different templates

- For each template, get the difference in 𝑅(𝐷∗) compared with the default one (default pyunfold)

- Quote the largest difference as the syst. uncertainty
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Mis-ID templates syst. uncertainty

We have 3 binning scheme and unfolding methods for mis-ID template construction

- coarse, default and fine for binning scheme

- scipy, pyunfold and minuit for methods

Procedure : 

- Fit the data using each templates, e.g. coarse scipy, fine pyunfold, fine minuit …

- Record the blinded 𝑅(𝐷∗) values using different templates

- For each template, get the difference in 𝑅(𝐷∗) compared with the default one (default pyunfold)

- Quote the largest difference as the syst. uncertainty
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Systematic uncertainty - Run 1 muonic 𝑹(𝑫∗) Τ𝝉 𝝁
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PhysRevLett.131.111802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.111802


Systematic uncertainty - Run 2 hadronic 𝑹(𝑫∗) Τ𝝉 𝝁
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PhysRevD.108.012018

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018
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Systematic uncertainty - Run 2 muonic 𝑹(𝑫∗) Τ𝝉 𝝁

PhysRevLett.134.061801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.061801


LHCb future schedule
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Position uncertainty in HLT1 and HLT2
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Uncertainties of vertex position are also worse in HLT1 (blue)



Pull of 𝑱/𝜳 → 𝝁+𝝁− vertex position - HLT1
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Pull of 𝑱/𝜳 → 𝝁+𝝁− vertex position - HLT2
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