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Introduction
The Higgs boson and FCC-ee

The Higgstrahlung : 𝑒+ + 𝑒− → 𝑍 + 𝐻
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The Higgs boson

• In 2012 : Higgs boson (H) 
discovery (ATLAS & CMS 
collaborations).
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𝑚𝑓 = 𝑣
𝑦𝑓

2
𝑣 = 246 𝐺𝑒𝑉

In the Standard Model (SM), fermions inherit their mass from their
coupling with the H :

Any deviation from the expected value 
would indicate possible beyond SM 
processes



Coupling measurements in the LHC

• Higgs boson main decay channels :

31/06/2022  – Maloizel Alexis, Paul Guimbard

4

Channel SM Branching Ratio 
(BR)

𝐻 → 𝑏ത𝑏 58.2 %

𝐻 → 𝑊𝑊 21.5%

𝐻 → 𝜏 ҧ𝜏 6.2%

𝐻 → 𝑐 ҧ𝑐 2.9%

𝐻 → 𝑔𝑔 8.2%

. . .

• The 𝐻 → 𝑏ത𝑏 channel was analysed thanks to a large Branching
Ratio and great tagging performances in the detector

• 𝐻 → gg and 𝐻 → 𝑐 ҧ𝑐 could not be measured because of 
inefficiency of the detector for these channels

2022
~2040



The FCC-ee
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• The FCC (Future Circular Collider)
• ~90 km circular collider project
• Two main collisions periods : FCC-ee & FCC-hh

• FCC-ee (electron-position collisions)

• First period at 𝑠 ~ 𝑚𝑍 = 91.2 GeV, to study the 

Z boson
• Second period to study the W boson around

𝑠 ~2𝑚𝑊 = 160 GeV

• Higgs factory with Higgstrahlung process at 𝑠 =
240 GeV with a Luminosity of 𝐿 = 5 ab-1

• Final run at 𝑠 = 365 GeV

• FCC-hh (hadron-hadron collisions)

• Expected maximum energy of 𝑠 = 100 TeV
• Possibility to discover directly new physics



The Higgstrahlung process

𝑒+ + 𝑒− → 𝑍 + 𝐻
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𝑙

𝑙

𝑙 = 𝑒, 𝜇

𝐸𝑙𝑙 + 𝐸𝐻 , 𝑝𝑙𝑙 + 𝑝𝐻 = 𝑠, 0 ⇒ 𝑀𝑟𝑒𝑐𝑜𝑖𝑙
2 = 𝑠 +𝑚𝑍

2 − 2𝐸𝑙𝑙 𝑠

The Recoil Mass

• Allows model independant measurement of the total Higgs 
Cross-section (σ)

• Using the recoil mass is not possible in the LHC due to 
the composite nature of protons 

Signal Channels

𝐻 → 𝑏ത𝑏 𝐻 → 𝑐 ҧ𝑐

𝐻 → 𝑔𝑔 𝐻 → 𝑛𝑜𝑛ℎ𝑎𝑑

Main background components

e+e− → ZZ e+e− → WW



Simulation
Event generation

Event reconstruction & selection
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Event generation

• We generated private signal samples to ensure enough statistics
and ease the renormalization process

• Specific initial & final state are given to WHIZARD :
• Generates all possible processes with these respective states
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𝑒+𝑒− → 𝑙𝑙𝐻

𝑒+𝑒− → 𝜇𝜇𝐻

𝑒+𝑒− → 𝑒𝑒𝐻

Higgstrahlung

Higgstrahlung

+ Z boson fusion

σ 𝑒𝑒 → 𝑍𝐻 ∗ 𝐵𝑅 𝑍 → μμ + σ 𝑒𝑒 → 𝑒𝑒𝐻 ∗ 𝐵𝑅 𝐻 → 𝑋𝑋

The total normalization factor is then :



Samples

• Summary of the samples used for the analysis
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Detector simulation
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• We proceed (using DELPHES) to the 
simulation of the detector, then
reconstruct :
• the leptons using detector simulation 

output
• the jets using clustering algorithms

• Jets flavour is then tagged with
efficiencies extracted from dedicated
studies
• Nominal efficiency chosen at 80%

• Our primary selection is the two
leptons candidates to the Z decay



Event selection (1/3)

• Further selections are required to increase the signal 
significance

• In the lepton selection we require :
• Two isolated electron or muons with 𝑄𝑝𝑎𝑖𝑟 = 0

• Lepton pair invariant mass between 81 − 101 𝐺𝑒𝑉

• cos 𝜃𝑙𝑙 < 0.8

• Lepton momenta within 25 − 80 𝐺𝑒𝑉
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cos 𝜃𝑙𝑙 Dilepton invariant mass

Leptons momentum



Event selection (2/3)

• In the hadronic selection we require :
• Recoil mass between 120 − 140 𝐺𝑒𝑉

• Jet momentum within 10 − 100 𝐺𝑒𝑉

• Hadronic mass in 100 − 140 𝐺𝑒𝑉

• Missing energy < 30 𝐺𝑒𝑉
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Recoil mass Hadronic mass

Jets p

Missing energy



Event selection (3/3)
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Two leptons candidates Final selection

Another dominant background component that is omitted on the plots is the 𝑒+𝑒− → 𝑍/𝛾∗ process. 
However this component is mostly filtered thanks to our selection and its final impact is negligible



Final selection (1/2)

• We finalize our selection by considering 8 orthogonal event
caterogies depending on the number of b, c or g tagged jets :

• Some categories are dominated by specific channels
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Expected signal yields for each categories



Additional cut on Emiss

• For 𝐻 → gg and 𝐻 → 𝑐 ҧ𝑐 the hadronisation produces less
neutrinos than in 𝐻 → 𝑏ത𝑏
• We expect less missing energy in these channels

31/06/2022  – Maloizel Alexis, Paul Guimbard

15

Missing energy
• Cut tighten to:

• < 20 𝐺𝑒𝑉 for 𝐻 → 𝑐 ҧ𝑐 dominated
categories

• < 15 𝐺𝑒𝑉 for 𝐻 → gg dominated
ones

• Furthermore it has been noticed that
the selection on isolated leptons was
non-optimal
• We considered a potential gain of events

of 30% by improving this part of the 
selection



Analysis
Fitting processes

Impact of tagging efficiency
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Analysis strategy

• The goal of the analysis is to measure : 
• 𝐵𝑅(𝐻 → 𝑏ത𝑏), 𝐵𝑅 𝐻 → 𝑐 ҧ𝑐 𝑎𝑛𝑑 𝐵𝑅(𝐻 → 𝑔𝑔) 𝐵𝑅(𝐻 → 𝑛𝑜𝑛ℎ𝑎𝑑) is set to be

equal to the SM prediction

• We have the relation, where 𝑁𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 is the number of signal 
event in a tagging category :
• 𝑁𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 = 𝐿 ∗ σ 𝑒𝑒 → 𝑙𝑙𝐻 ∗ σ𝑋𝑋𝐵𝑅 𝐻 → 𝑋𝑋 ϵ𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦

𝑋𝑋 ,     𝑋𝑋 ∈ {𝑐 ҧ𝑐, 𝑏ത𝑏, 𝑔𝑔, 𝑛𝑜𝑛ℎ𝑎𝑑}

• We have 3 unknowns and 8 equations (8 categories)

• We extract the value of the various 𝑁𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 by performing
simultaneous likelihood binned fit on the recoil mass distribution 
within 120 − 140 𝐺𝑒𝑉
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Fit of the signal and bkg

• The background is mostly shaped by the tail of the 
𝑍 → 𝑙𝑙 decay and the combination of two W leptonic
decays

• This results in a flat shape fitted using first order
polynomial functions

• The signal shapes were described using Double-
Sided Crystal Ball functions

• All categories are fitted using the same model and 
parameters

• In the final fit all tails parameters are fixed to avoid
migration of events between signal and background 
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Signal+Background fit

With the simultaneous fit to the 8 
categories we extract the following
results
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Channel Expected error

𝐻 → 𝑏ത𝑏 0.9%

𝐻 → 𝑐 ҧ𝑐 5.9%

𝐻 → 𝑔𝑔 2.6%

3 fit examples in the purest categories



Impact of tagging efficiency

• In order to assess the impact of the tagging efficiency, we have 
been asked to consider various scenarios :
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Strategy b-tag
𝝐𝒃, 𝝐𝒄, 𝝐𝒍, 𝝐𝒈

c-tag
𝝐𝒃, 𝝐𝒄, 𝝐𝒍, 𝝐𝒈

g-tag
𝝐𝒃, 𝝐𝒄, 𝝐𝒍, 𝝐𝒈

Nominal 80 / 0.4 / 0.05 / 0.7 2.0 / 80 / 0.9 / 2.5 2.0 / 5.0 / 15 / 80 

Fake rates x2 80 / 0.8 / 0.1 / 1.4 4.0 / 80 / 1.8 / 5.0 4.0 / 10 / 30 / 80 

Fake rates x5 80 / 2.0 / 0.25 / 3.5 10 / 80 / 4.5 / 12.5 10 / 25 / 75 / 80 

Efficiency -10% 70 / 0.4 / 0.05 / 0.7 2.0 / 70 / 0.9 / 2.5 2.0 / 5.0 / 15 / 70 

Efficiency -20% 60 / 0.4 / 0.05 / 0.7 2.0 / 60 / 0.9 / 2.5 2.0 / 5.0 / 15 / 60 

WPc 90% 80 / 0.4 / 0.05 / 0.7 4.0 / 90 / 7.0 / 7.0 2.0 / 5.0 / 15 / 80 

WPc 70% 80 / 0.4 / 0.05 / 0.7 0.9 / 70 / 0.2 / 1.0 2.0 / 5.0 / 15 / 80 

Efficiency +10% 90 / 0.4 / 0.05 / 0.7 2.0 / 90 / 0.9 / 2.5 2.0 / 5.0 / 15 / 90 

Fake rates /2 80 / .2 / 0.025 / 0.35 1.0 / 80 / 0.45 / 1.25 1.0 / 2.5 / 7.5 / 80 



Final results
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• The tagging efficiency
• No impact on the b-channel

• Assuming pessimistic cases lead to 
significant losses in precision for 
the c-channel and g-channel

• Alternative WP to improve the 
precision in the c-channel causes 
losses in the g one

Pessimistic fake rates

Pessimistic efficiencies

Pessimistic fake rates

Pessimistic efficiencies



Conclusion

• Summary
• We generated our signal and simulated the detector behaviour

• We reconstructed the events and applied a selection on multiple 
variables

• We performed simultaneous fit on background, signal, and 
signal+background distributions to extract errors on the Branching
ratio measurement

• These results are promising not only compared to the HL-LHC 
predictions but also to comparable project being considered in 
parralel (CEPC collider in China) 

• There remains many possible axes to improve these results
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Our Problem

Why using a neural network ?

• Classification problem

• Vast amount of data

• Complex relations between
inputs 

▪ f = electron
▪ Z → 𝑙 ҧ𝑙
▪ TAGS : H → 𝑏ത𝑏 [0]  or ҧ𝑐𝑐 [1] or 𝑔𝑔 [2] or non hadrons [3]

Higgs Strahlung
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Neural Network
Presentation et Parameters choice



Neural Network

Classification Neural Network
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Study of the inputs

Which one ?

• Number of b, c and g tagged jets

• Distance between

successive vertex

• Number of isolated electrons

• Number of isolated muons

STUDY

NORMALIZE

TRAIN

Data processing
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Inputs
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d23 for the H->cc and H->nonhad data (logarithmic scale)2 inputs parameters for the H->bb data



Network Parameters

var ( inputs) List_nbr_neur nBatch nEpoq Activation fnct optimizer -> Efficiency

[b ,c , g ,logd23,d34,m_rec] [32,16,8] 32. 12. ReLU adam 0.8915572166442871

[b ,c , g ,logd23,d34,m_rec] [16,16,16] 32. 12. ReLU adam 0.8895184000333151

[b ,c , g ,logd23,d34,m_rec] [16,16,16] 32. 12. ReLU RMSprop 0.8774165113766988

[b ,c , g ,logd23,d34,m_rec] [16,32,16,8] 32. 12. ReLU adam 0.8908904393513998

[b ,c , g ,logd23,d34,m_rec] [32,16,8] 32. 12. ReLU adam 0.8914608558019003

[b ,c , g ,logd23,d34,m_rec] [32,16,8] 32. 30. ReLU adam 0.8917075196901957

[b ,c , g ,logd23,d34,m_rec] [32,16,8] 20. 12. ReLU adam 0.8911949197451273

[b ,c , g ,logd23,d34,m_rec] [32,16,8] 64. 12. ReLU adam 0.8906437953313192

[b ,c , g ,logd23,d34,m_rec] [32,16,8] 100. 12. ReLU adam 0.8894721468289694

[b ,c , g ,logd23,d34,m_rec] [128,32,8] 32. 12. ReLU adam 0.8916959563891093

[b ,c , g ,logd23,d34,m_rec] [32,16,8] 32. 12. sig (1) ReLU adam 0.8915572166442871

[b ,c , g ,logd23,d34,m_rec] [32,16,8] 32. 12. sig adam 0.8916497031847636

[b ,c , g ,logd23,d34,m_rec] [64,32,16,8] 32. 12. sig / ReLU adam 0.8925284544626871

[b ,c , g ,logd23,d34,m_rec] [8,16,32,16,8] 32. 12. sig / ReLU adam 0.8757708072662354

[b ,c , g ,logd23,d34,m_rec] [256,128,64,8] 32. 12. sig / ReLU adam 0.8916419943173727

[b,c,g] [32,16,8] 32. 12. sig adam 0.8150109450022379

[b ,c , g ,logd23,d34,d45,n_e, n_m,m_rec] [256,128,64,8] 32. 12. sig / ReLU adam 0.8929177125295004

[b ,c , g ,logd23,logd34,logd45n_e, n_m,m_rec] [256,128,64,8] 32. 12. sig / ReLU adam 0.8922702272733053
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Final Results

Free Parameters (NN and 8 categories)

𝜇𝑥𝑥 = Τ𝐵𝑅𝐻→𝑥𝑥 (𝑓𝑖𝑡) 𝐵𝑅𝐻→𝑥𝑥 (𝑆𝑀)

Categories Rel. Err. cc Rel. Err. gg Rel. Err. bb Rel. Err. nonhad

8 tags 6.3 % 2.8 % 1 % 3.1%

4 tags (NN) 4.8 % 2.5 % 0.8 % 2.3 %
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Correlation Matrices
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Correlation Matrices (8 tags and 4 tags (NN))



Fits for NN categories

H→bb H→cc

H→gg H→nonhad

Classes (with NN) :
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Reconstructed signals for 
each categorie



Conclusion

• The Neural Network allow preciser measurements
than the 8 categories

• We could improve the ability of the Neural 
Network 
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Next studies
ZeeHqq + ZmumuHqq

ZnunuHqq
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ZeeHqq + ZmumuHqq

• Seperating both channels result in better significances in all 
categories

• One could apply the NN selection on the two channels to 
improve the results even further
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ZeeHqq ZmumuHqq Combined ZllHqq

Hbb 1.2 1.2 0.85 0.9

Hcc 8.4 8.0 5.8 5.9

Hgg 3.9 3.6 2.9 2.6

No assumptions on Hnonhad Hnonhad = SM



ZnunuHqq

• The recoil mass can’t be
reconstructed as previously
• We consider now the system recoiling

against the H

• Initial selection : 2 jets stemming
from the hadronisation

• Perfom the fit on the Dijets invariant 
mass
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𝑒+ + 𝑒− → 𝑍 + 𝐻
𝜈

𝜈



ZnunuHqq (WIP)
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• Each channel purest category after selection :

• Very promising analysis for Hbb and Hgg channels
• Hcc still requires a bit more purity but seems to be leading to what

is published for CEPC



Thanks for your attention
BACK UP
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Normalization factors
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Detector

• Detector « IDEA » concept :
• Silicon vertex detectors

• Drift chambers

• Calorimeters

• External muon chambers
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• The signal shapes were described using Double-Sided Crystal 
Ball functions

• All categories are fitted using the same model and parameters.

• All 6 parameters are let free
• In the final fit, the tail ones will be fixed, contrarly to the peak position 

and resolution as they might be varying in the real data.

Fit of the signal (1/2)
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Double sided crystal ball
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Selection with Zgamma
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Cutflow
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Significance : 𝑆 =
𝑁𝑠𝑖𝑔𝑛𝑎𝑙

𝑁𝑠𝑖𝑔𝑛𝑎𝑙+𝑁𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑



CEPC

• Results for CEPC at 𝑠 = 240 GeV and 𝐿 = 5 ab-1
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Channel Expected error

𝐻 → 𝑏ത𝑏 0.9%

𝐻 → 𝑐 ҧ𝑐 8.3%

𝐻 → 𝑔𝑔 4.7%



Luminosity comparison
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Model independance
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𝑒+ + 𝑒− → 𝑍 + 𝐻
𝑙

𝑙

𝑙 = 𝑒, 𝜇



Flavour tagging
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ZnunuHqq cutflow
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