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Flavour Physics at FCC-ee: Brief Overview
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Flavour Physics at FCC-ee
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● Strong case for flavour physics at the Z0-pole at FCC-ee

● Production of up to 5x1012 Z0’s anticipated with 4 IPs
○ 7.6x1011 bb 
○ 6.1x1011 cc 
○ 1.7x1011 𝜏𝜏 

● Z0 production rate of ~100 kHz and clean e+e- environment allows 
triggerless readout
○ No efficiency losses from online selection cuts

● We must identify the physics cases where FCC-ee can perform better than 
either LHCb Upgrade II or Belle II
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Species Yields at FCC-ee (per IP per year)
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● Production fractions from e+e-→Z0→ff

● No efficiency factors from reconstruction or selection included

Z0 mode Species Production fraction Yield

bb B± 0.43 4.9x1010

bb B0 0.43 4.9x1010

bb Bs0 0.098 1.1x1010

bb Bc± 4x10-4 4.5x107

𝜏𝜏 𝜏 1 2.5x1010

cc D± 0.43 3.9x1010
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Examples: Fully rec. modes with charged tracks
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● B0→(K*0→K𝜋)e+e-

○ Rare decay involving b→s transition (B = 3.4x10-7), sensitive to NP in loop-level processes
○ Measurement of electron mode challenging at LHCb - Expect ~140k events with 4 IPs

● B0→µ+µ-
○ Very rare decay (in SM B = 1.07x10-10) which is sensitive to NP contributions
○ Well motivated for observation and <10% B precision - Expect ~80 events with 4 IPs

● Bs0→(Ds-→K+K-𝜋-)K+

○ Time dependent CP violation due to interference between mix. and dec. amplitudes
○ Interesting for FCC-ee because Belle-II does not resolve Bs0 time-dependence, LHCb 

flavour tagging is poor - Expect ~2 millions events with 4 IPs 
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Bc → 𝜏𝜈 (𝜏 → 3𝜋𝜈) prospects at FCC-ee
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https://arxiv.org/abs/2105.13330
Being submitted to JHEP

https://arxiv.org/abs/2105.13330


Motivation
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● Bc→𝜏𝜈𝜏 is a unique flavour opportunity at FCC-ee
○ Not possible at LHCb due to missing energy, lack of constraints and reconstructed info.
○ No Bc mesons produced at Belle II

● Involves the same Feynman vertex factors as b→c𝜏𝜈𝜏 decays
○ Measurements of R(D) and R(D*) show a ~3-4𝜎 tension with the Standard Model
○ Measuring B(Bc→𝜏𝜈𝜏) would provide an independent test of lepton universality and yield 

strong constraints on possible new physics explanations
○ B(Bc→𝜏𝜈𝜏) SM = (1.94 ± 0.09) %
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Event topology for Bc→𝜏𝜈𝜏 
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● The reconstruction of the thrust axis is 
used to define in which hemisphere 
the particles fall in

● Due to large missing energy, 2 
neutrinos in the signal decay,  the 2 
hemisphere have rather different 
energy distributions
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Using 𝜏-→𝜋+𝜋-𝜋-𝜈𝜏  
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● Existing feasibility study for CEPC (arxiv:2007.08234)
○ Using leptonic electron and muon tau decays

● Using tree-prong hadronic mode for this work
○ Provides 𝜏 decay vertex, and thus a measure of combined Bc and 𝜏 flight
○ Branching fraction of 9% provides sufficient decay rate

● Reject background from Z→bb/cc/qq using 
○ Event level energy properties
○ Properties of the reconstructed 3𝜋 candidate
○ Two stage MVA approach
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Samples and Software
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● Using official FCC-ee production (see here)
○ 106 signal events with 𝜏-→𝜋+𝜋-𝜋-𝜈𝜏  generated with EvtGen
○ 109 events Zbb/cc/qq with Pythia8
○ Samples of exclusive B hadron background decays generated to study selection 

efficiency more accurately 200x106 per decay times 28 species
○ Dedicated orthogonal production of 109 events for MVA training (see here)

● First published result using common software
○ Events generated with key4Hep software stack in the EDM4Hep data format
○ EDM4Hep events processed with FCCAnalyses to produce “flat ntuples”
○ Set of custom Python analysis tools to process the “flat ntuples” and produce results
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http://fcc-physics-events.web.cern.ch/fcc-physics-events/Delphesevents_spring2021_IDEA.php
http://fcc-physics-events.web.cern.ch/fcc-physics-events/Delphesevents_spring2021_training_IDEA.php
https://github.com/key4hep/
https://github.com/key4hep/EDM4hep
https://github.com/HEP-FCC/FCCAnalyses/
https://github.com/HEP-FCC/FCCeePhysicsPerformance/tree/master/case-studies/flavour/Bc2TauNu
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EDM4Hep events 
for analysis

EDM4Hep events 
for MVA training

FCCAnalyses
analysis_stage1.py
● Thrust observables
● Vertexing
● Build 𝛕 candidates

xgboost MVA stage 1 
18 variables

Batch HTCondor

FCCAnalyses
analysis_stage1.py
● Build 𝛕 candidates
● Infer MVA stage 1
● Build variables
● Selection stage 1

Custom flat  Ntuple

Training    results 

Independent  
set of events

FCCAnalyses
analysis_stage2.py
● select 𝛕 candidate
● Build variables

○ Infer MVA stage 2
○ Output ntuples

Custom 
flat Ntuple

Custom 
flat Ntuple

FCCAnalyses
analysis_stage2.py
● Select 𝛕 candidate
● Build variables for 

training

xgboost MVA stage 2
20 variables

Custom flat  Ntuple

FCCeePP
● MVA cuts opti
● Spline fits
● Template fit
● Toys
● Br extraction

Custom 
flat Ntuple

eos 9x109 events, 51TB

eos 1x109 events, 5TB

Local processing

Batch HTCondor

Local processing 28GB

Local processing

Training  results 

Local processing

Local processing

  Good Results

~12 hour
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First stage MVA
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● Cuts applied before training
○ A primary vertex
○ ≥1 reconstructed 3𝜋 candidate
○ 1 of the 3𝜋 must be in lower E hemis.

● Train on 
○ general event-level properties, 

harnessing difference in hemis. 
energies between Bc and Z→bb/cc/qq

○ Information on PV multiplicity, number 
of vertices, number of 3𝜋 cand, 
distance between decay vtx and PV

● Strong rejection of all three BG
○ ROC = 0.984
○ Z→bb rejected less (produces EMiss)
○ Expect 5 times more B+ than Bc
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Second stage MVA
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● Cuts applied before training
○ MVA1>0.6 (remove easy stuff)
○ 3𝜋 cand with smallest 𝜒2 in less E hemis
○ m(𝜋𝜋) cuts to 3𝜋 cand [0.6, 1] GeV (𝜏→a1→𝜌𝜋)
○ m(3𝜋)<m𝜏, E diff in hemis >10GeV

● Train on 
○ Properties of the 3𝜋 cand (mass 

momentum, IP, distance from PV, 
angle of momentum to thrust axis)

○ Use IP to the PV for other decay 
vertices

○ Mass of PV, nominal B energy

● Strong rejection of all three BG
○ ROC = 0.966
○ Excellent rejection of B+ even if not 

used in the training, this reduces it to 
a level where it should be constraint 
from external measurement



MVA cuts optimisation 
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● Tune the two MVA cuts to maximise purity S/(S+B)
○ Estimate S and B expected from 5x1012 Z

● Inclusive Z→cc/qq rejected at 109 level with sufficiently tight MVA cuts
○ Do not consider these in subsequent studies

● Estimated yields
○ With B(Z→bb)=0.1512, B(Bc+→𝜏+𝜈𝜏)=1.94% (SM pred), fc=0.0004 from Pythia and selection 

efficiency from signal MC
○ B(B+→𝜏+𝜈𝜏) using PDG B’s production fractions and MC
○ Best signal yields of 4295 events with 85% purity (𝜀=0.39%)
○ 285 events expected for B+ (𝜀=4.3x10-5)
○ Background level of 448 events estimated from sum of all exclusive modes, scaled by 

2.5 (inclusive vs. exclusive ratio) 
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Signal vs. background discrimination for fit
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● In an inclusive Zbb event, either side could have max. E
○ However, in a signal decay, the max. E hemis is most likely the non-signal side
○ In signal events, max. E hemisphere looks a lot like an inclusive decay peak near m(Z)/2
○ In BG, the selection req. bias this hemisphere down in energy, giving discrimination
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BC signal Z->bb



Toy Fit to Measure Signal Yield
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● Toy dataset generated from signal and background PDFs
○ Each bin is Poisson varied independently to create toys

● Signal and background yields vary freely in the toy fit
○ signal measured with 2.4% precision
○ Fit with 10x higher background 
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Convert Signal Yields to B(Bc→𝜏𝜈𝜏)
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Anticipated precision on B(Bc→𝜏𝜈𝜏)
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B(Bc→𝜏𝜈𝜏) = (1.941 ± 0.175)x10-2

● Recover the input branching ratio central value as expected

● Relative uncertainty is 9%, including uncertainties on all of the input terms

● Uncertainty dominated by the current theory uncertainty on B(Bc->J/Psimunu) 8.1%
○ Using this and this lattice paper for the current estimate along with exclusive |Vcb|
○ Uncertainty is reducible if decay form factors are measured e.g. in an angular analysis 

(LHCb and FCC-ee can both do this)

● Signal yield uncertainty from fit is 2.4%, which increases to 3.4% assuming the 
same level of systematics than statistics
○ Excellent precision using only one tau decay mode!

https://arxiv.org/abs/2007.06957
https://arxiv.org/abs/2007.06956


Sensitivity to New Physics
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● Can consider the ratio Rc = B(Bc→𝜏𝜈𝜏)/B(Bc→J/ψμ𝜈μ) which has 4% precision
○ |Vcb| independent, can assume no NP in the muonic mode for theory calculation

● Rc measurement at FCC-ee can strongly constraint both 2HDM and leptoquark 
parameter space in a complementary manner to other key observables
○ Leptoquark couplings can introduce O(10-100) variations 
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Summary
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● FCC-ee offers a unique opportunity for flavour physics
○ Improve and complement measurements at LHCb upgrade and Belle II

● Full framework in place using common FCC SW tools
○ Event generation, processing, analysis
○ Many other exciting flavour modes need to be studied with the tools in place

● Selection exploiting missing energy signature of signal and 3𝜋 properties
○ Possible to achieve high purity final dataset
○ Analysis still feasible with higher background level (fit stable with 10 times large BG)
○ Signal yield measurement ~3% precision, but requires accurate B(Bc→J/ψμ𝜈μ) prediction
○ Rc ratio also very valuable where 4% precision is achievable

● Preprint arxiv:2105.13330 submitted to JHEP
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Backup material
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BC signal Z->bb
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First stage MVA variables
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First stage MVA
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Second stage MVA variables
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Second stage MVA
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Background composition
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Background estimation
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Discriminating variable
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Fit
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Bc->Tau nu Yields

Clement Helsens - EPS-HEP 2021 - Flavour Physics at FCC-ee with focus on Bc→𝜏𝜈 (𝜏→3𝜋)



31

Towards Branching Fraction
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Results
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New physics - 2HDM

Thanks to Olcyr 
Sumensari for the 
interpretation work, 
which is based on the 
analysis precision 
estimates
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New physics - Leptoquarks

Clement Helsens - EPS-HEP 2021 - Flavour Physics at FCC-ee with focus on Bc→𝜏𝜈 (𝜏→3𝜋)



35

Summary
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