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Streamling 
semileptonic analyses
Challenges of semileptonic decays IV



• Semileptonic analyses take a long time, at LHCb they take > 5 years.


• Belle-II fairing better.


• The goals of this presentation are to:


• Promote awareness of increasing difficulty of SL analyses.


• Discuss some ideas of how improve things.


• Some of this might feel bit LHCb focussed, but its important here:


• Help provide incentive to improve measurements as well as make them.


• Maybe we can also learn something from our Belle-II colleagues.

Introduction
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• Two LHCb theses give public glimpse into status of analysis at 2018 and 2021.

Where is time spent

3

2018: J. Garcia Pardinas thesis
164 Chapter 8. Measurement of the R(D(⇤)+) ratios using B

0 ! D+l⌫̄l decays
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FIGURE 8.18: Fit to a toy Monte Carlo sample that was generated using the expected
total yield for the 2015+2016 combined data sample.

M2
miss and 20 bins in E⇤

µ. Finally, the number of bins in the q2 variable is set to be 4, the same as
in the first LHCb measurement of R(D⇤) [44].

8.4.3 Toy Monte Carlo studies and sensitivity estimation

A set of 250 toy Monte Carlo experiments are performed to check the fitting framework. The
Barlow-Beeston method is not used for this check since it significantly increases the fitting time.
The experiments are generated using the estimated total yield for the 2015+2016 data sample. The
resulting pull distributions for the raw R parameters are shown in Fig. 8.20. A good behaviour of
the distributions is observed.

To estimate the sensitivity on the raw R ratios, another set of 159 experiments is performed. In
this occasion, the Barlow-Beeston method is used. The distributions of the uncertainties obtained
in the fits are shown in Fig. 8.21. These uncertainties account both for the statistical uncertainty
inherent to the fitting procedure and for the effect of the finite size of the samples used to obtain
the templates. No other systematic effect is included. These uncertainties can be improved in the
future, by using an alternative, optimised set of fit variables.

8.4.4 Effect of the Monte Carlo sample size on the sensitivity

Since the effect of the limited size of the Monte Carlo samples used to obtain the templates
showed to be the dominant contribution to the systematic uncertainties in the previous LHCb
analyses [25, 44], the uncertainty obtained from the toy studies in different scenarios for the
sample sizes is evaluated. The results are shown in Fig. 8.22. The uncertainty for the case of
infinite Monte Carlo statistics is evaluated by turning off the Barlow-Beeston method. The study
shows that the simulation sample size plays indeed a mayor role in the sensitivity. Consequently,

2021: S. Meloni thesis
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Figure 110: Projection of the nominal fit result in the ISO category, combined 2015 and 2016 dataset.
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2024: LHCb paper

• Analysis of presentations over the years gives the following timeline.

Supplementary material for LHCb-PAPER-2024-007
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Figure 2: Distributions of q2, squared missing mass and lepton energy in the signal isolation
region. Projections of the fit results are overlaid.
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Supplementary material for LHCb-PAPER-2024-007
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Selection finalised. Simulation of 
main backgrounds and fit setup.

2016

Selection

2017 2018 2019
Initial fitter setup Developing fast 

simulation

2020
Fitter 

developmentBackground studies
Understanding 

fit to data

2021
Background modelling improvements

HAMMER 
integration

Systematics 20222023 FF updates

https://cds.cern.ch/record/2630181/files/CERN-THESIS-2018-096.pdf
https://cds.cern.ch/record/2800599/files/CERN-THESIS-2021-266.pdf
https://cds.cern.ch/record/2800599/files/CERN-THESIS-2021-266.pdf


• Making the blue steps faster to get to the red part sooner seems 
like the easiest way forward.

General idea for tauonic analysis

4
Annarita Buonaura

Analysis strategy in a nutshell
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- Strip data without bias to muon
- Apply trigger selection
- Require muon PID.
- Reduce non  background via MVA
- Calculate fit variables.
- Apply standard corrections to simulation.
- Split sample into control regions.

Xc } Steps common to many analyses, 
normally no nasty surprises.

}Fit data to signal and 
control regions.

Correct for residual data/
MC discrepancies.

Introduce freedom into fit 
to improve things.

Understand discrepancies in 
the fit and/or agreement.

This bit can take forever 
and ever and ever :(



• We (LHCb) should publish more papers about methods.


• Gives incentives to develop tools useful for the whole field.


• Allows Ph.D. students to get publications during their studies.


• Implies some documentation, user friendly etc.


• This would suggest reducing measurement activities in the short-term, but 
long term gain is worth it.


• Potential ideas are:


• Mis-ID background (some activities already).


• Trigger calibration.


• Fast simulation integration.


• Fitter?


• Track multiplicity, kinematic cross-sections (not measurements but 
correction tools).

Method papers
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• Different feed-down contributions in the  mode.τ → μ

Focus
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Focus
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• In R(D+) we used HAMMER to float the form factors.


• This is because we had too much data to fix the central values and no 
dedicated muon measurement.


• Floating Wilson coefficients was therefore out of the scope of paper. 


• If we make dedicated measurements on the muon channels first, then 
perhaps some form factors can be fixed and forgotten in tauonic channels.


• This would make new physics agnostic fits more digestible.


• Muon templates tend to be less dependent on form factors as well.

A comment about our use HAMMER
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2.4. TAU LEPTONS CHAPTER 2. LEPTONS AT LHCB

2− 1− 0 1 2 3 4 5 6 7 8
]4/c2 [GeV2

missm
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14a.
u.

Simulation model

arXiv:1505.03925

µν
-µ+ D→ 0B

2− 0 2 4 6 8 10 12 14
]4/c2 [GeV2

missm
0

0.01

0.02

0.03

0.04

0.05

0.06a.
u.

Simulation model

arXiv:1505.03925

τν
-τ+ D→ 0B

Figure 2.7: Comparison of the missing mass distribution for out-of-the-box simulation and that
weighted with the latest form factors. For the muonic mode (left), the distribution is robust against
changes in the decay model whereas for the tauonic mode (right), there is a significant difference in
the shape when updating the form factors to the state-of-the-art [98].

leptons almost always2 involve at least two neutrinos in the final state. This implies a very thorough
study of the sources of background, as they cannot be easily or model-independently distinguished
from the signal. It is also difficult a-piori to know which background will affect the signal the most,
until the full list of control and signal samples have been studied and an initial fit has been performed.
This makes the analyses a giant chicken and egg problem, where multiple iterations are needed before
one can even focus on the most important issues. It is for this reason why the measurements take long
time to perform, with several years worth of full time effort to publish. Below describes a couple of
issues why semitauonic measurements are particularly long analyses to complete.

As discussed above, missing more than one particle significantly increases the model dependence
of the signal yield determination. This can be seen clearly if one compares the distribution of the fit
variables, the missing mass, between the decays B0

! D+µ�⌫µ and B0
! D+⌧�⌫⌧ in Fig. 2.7. When

updating the decay models for both decays, using the same form factors for both yields a much larger
variation in the tauonic mode. This is due to the fact that the distribution of the true value of the
missing mass changes when the form factors are updated, whereas for the muonic mode, the true value
is always zero as one is missing a single neutrino. This results in a much cleaner determination of
the muonic signal yield using the missing mass or corrected mass, where it can be factorised from the
subsequent determination of the parameters of interest.

The signal distribution of fully reconstructed decays can usually be parameterised with an ana-
lytic function, such as a Gaussian or Crystal Ball function. For semileptonic decays, non-parametric
templates are instead used, which are fixed shapes usually derived from simulation. The inclusion of
shape variations due to uncertainties in templates is more difficult than in analytical models, where a
covariance matrix of a few parameters can encode the uncertainty from a particular systematic source.
For templates, an event-by-event reweighting is needed to recompute a distribution under a system-
atic variation. Such an operation is very computationally expensive, particularly considering the large
amount of simulation needed. A solution to this, known as HAMMER [99], decompose the the tem-
plates into a set of sub-templates, the size of each have a different dependence on the parameter of
interested controlling the shape of the overall template. For example, one can decompose the template
into three smaller samples, one whose size is independent of the parameter of interest, one for its size
is linearly dependent and one with a quadratic dependence. The overall shape can then be built with
different amounts of the sub-templates, depending on the value of the parameter of interest. Such

2Apart from LFV decays.
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• One very useful set of measurements would be those of double charm 
background.


• .


• Semileptonic measurements of charm decays covered pretty well.


• More important are measurements of the B decays into the different final 
states, as well as their Dalitz structure: e.g. BF( ).


• Complicated measurements by themselves, but an amplitude analysis is 
not necessary (just differential measurements would be fine). 


• Already mentioned by Greg: inclusive measurements of  of this would 
be very useful.


• CKM suppressed modes will also be important at some level. 


• Ideally this could then feed back into the simulation that we use.

B → D(*)(Xc → μX)X

B+/0 → D(*)+D(*)−K(*)+/0

b → cc̄s

Measurements of backgrounds

9



• SL analyses take too long for a Ph.D. student.


• In addition to a couple of concrete suggestions here, a couple of other 
things.


• Letting the best be the enemy of the good.


• Experience from speaking to people is that SL analyses take > 80% FTE 
from at least one proponent: 4x20% << 1x80%.


• There are so many interesting puzzles and questions in SL decays.


• Difficulty experimentally and theoretically is comparable, unique for a 
system in flavour physics.


• Unlike many other areas, the physics potential is not yet realised even 
with data currently on tape. This is an opportunity rather than a 
disappointment.

Summary

10Annarita Buonaura

New ideas to slow things down

23

‣ All tauonic analyses currently assuming SM decay structure for signal, normalisation and backgrounds.
- Common complaint from theorists about this.

‣ Solutions:
- Measure angular observables of tauonic modes to check decay structure.
- Use HAMMER to vary Wilson Coefficients.

‣ However, these will almost certainly increase the analysis time.
- Important to make sure our eyes are not bigger than our bellies.

‣ One thing is certain - there is a huge amount of very interesting physics to be done in these decays.
- Despite the difficulties, its worth it to continue!

5+ year analysis timescale Highly anticipated and unique 
physics potential


