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Introduction
• H → bb/cc/ss/gg decays are crucial to measure the Higgs couplings to quarks of the 3rd (b) and 2nd (c, s) families and 

the effective gluon coupling (induced in the SM by the top-Higgs coupling) 


• At HL-LHC, projected sensitivities from ATLAS+CMS:


• bb ~4% 

• cc ~100% 

• ss, gg: none
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Introduction (II)
• Higgs factories, despite the much lower total Higgs production xsection, are expected to reach much better sensitivities


• Significantly larger acceptance and S/B


• Detectors optimised for tagging of various flavour hypotheses (b/c/g/…)


• Target: <% precision for bb and O(%) for cc, gg σBR 

• In addition, measurements of σ*BR can be converted to model-independent measurements of the couplings since the 
total Higgs boson xsection can be measured with the recoil technique
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CEPC (arXiv:2203.01469v4) 
5.6/ab @240 GeV

Z(ee+μμ):          0.9%         8.3%          4.7%

https://arxiv.org/pdf/2203.01469.pdf
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Introduction (III)
• At √see = 240 GeV, main Higgs production mode is through ee→ZH


• σ(ZH)~200 fb → 1M ZH events in 5/ab,  2/3 of them  (almost 700k) decaying to partons


• Pros and cons of different Z boson decay modes:


• Z→ll (l = e, μ): cleanest, but lowest yield                                     BR (Z→ll) ~ 6.7% => ~50k signal events 

• Z→qq: largest yield, worse resolution, + combinatorics              BR (Z→qq) ~70% => ~500k signal events 

• Z→νν:  intermediate yield, good S/B, no combinatorics              BR (Z→νν) ~20% => ~140k signal events
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• Z(ll): work on analysis started by APC-Paris team around end of 2020, full analysis chain in place since July 2021, updated 
with more recent samples/taggers/categorisation strategy (GM, w/ contributions from various intern students: P. Paquiez, 
M. Jolly, P. Guimbard, A. Maloizel)


• Z(νν): full analysis chain implementation in fall 2022 by APC-Paris (link) and CERN (link) teams, recently updated to latest 
MC samples taggers 


• APC: GM, A. Maloizel


• CERN: A. Del Vecchio, L. Gouskos, M. Selvaggi


• Z(qq): work started recently (Aly, Bari), full analysis chain not yet in place


• In parallel: huge amount work on development of flavour taggers by CERN/Pisa team (see talk by Lukas yesterday)


• F. Bedeschi, M. Selvaggi, L. Gouskous + new members: A. Del Vecchio, L. Forthomme, D. Garcia

• Today: show latest (preliminary) results of full analysis of Z(ll)H and Z(vv)H analyses using winter 2023 MC sample 
production and latest training of ParticleNet-based flavour taggers that were released just two weeks ago..

Status of ZH(jj) analyses

5

https://indico.cern.ch/event/1059617/contributions/4453252/attachments/2284009/3881718/2021_07_19%20-%20Higgs%20hadronic%20branching%20ratios%20with%20ZllH%20at%20FCCee.pdf
https://indico.in2p3.fr/event/27968/contributions/115540/attachments/74108/106653/2022_11_22%20-%20Higgs%20hadronic%20branching%20ratios%20with%20ZH%20at%20FCCee%20copy.pdf
https://indico.cern.ch/event/1221257/contributions/5170036/attachments/2561835/4415762/Pres6Dic2023.pdf
https://indico.cern.ch/event/1176398/contributions/5207197/attachments/2582238/4453976/lg-jettagging-fccee-krakow2023.pdf
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Analysis strategy
• The measurements proceeds in the following steps:


• Event reconstruction: high-momentum leptons (for selection in ll and for veto in vv channel), jets and missing energy are 
reconstructed. Tagging algorithms are executed on the clustered jets.


• Event selection: events consistent with the signature under study are kept


• Event categorisation: selected events are classified in orthogonal categories mainly based on output of flavour taggers, 
discriminating between the different Higgs boson decays under study


• Maximum likelihood fit to variable(s) discriminating between signal and background to extract signal strength (measured 
σ*BR over SM expectation)


• Tagging efficiencies for each flavour and signal acceptance for each category assumed to be known from TH + MC
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Common features
• All results assume a luminosity of 5/ab at 240 GeV


• All results use the winter2023 MC central production


• The samples are normalised using common values of cross-sections and branching ratios from central dictionary file


• This in particular assumes BR(H → ss)=0.024% 


• A consistent treatment of leptons in ll and νν analyses (veto) is performed to ensure orthogonality


• Jet clustering is performed using Durham (ee kt) exclusive N=2 algorithm


• Jet flavour identification relies on the latest version (wc_pt_13_01_2022) of the training of the tagging algorithms
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• Signal and background samples were generated centrally (“winter2023” production)


• Signal + ee→ee, μμ, ννZ bkg:   Whizard + Pythia6       


• ee→ZZ, WW, qqbar bkg:   Pythia8 


• Fast simulation of IDEA detector in Delphes (latest concept w/ 
smaller beam pipe and innermost tracker radius, crystal-based ECAL)

MC samples
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eeH (~3M)

μμH (~3M)

ννH (~7M) qqH, 

q=udscb

(~15M)

ll, qq, VV, ννZ


(~260M)
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Z(ll)H(jj) analysis overview
• Signature: 


• 2 high-momentum opposite-sign, same-flavour leptons with m~mZ


• 2 jets with mjj~mH


• Recoil mass ~mH


• Main bkg: processes producing leptons (VV - mostly ZZ - and ee→ll). In addition, bkg from other Higgs boson decays 
(mainly H→WW,ZZ→4q)


• Signal: small contamination from Z-boson fusion process (σ/σZH ~ 3%), further suppressed by selection criteria

9
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• Z->ll selection: 

• Select two opposite-sign, same-flavour (SFOS) leptons 
with 25<p<80 GeV and invariant mass closest to mZ


• 81<mll<101 GeV


• |cos(Polar angle of dilepton pair)|<0.8 


• Recoil and jet selection:


• Remove selected leptons from Z candidates from 
ReconstructedParticles and cluster remaining ones


• Recoil mass in 120-140 GeV


• Jet momentum in 15-100 GeV


• Hadronic mass in 100-140 GeV


• Missing energy < 30 GeV, no extra lepton with 25<p<80 GeV


• d23 > 2 d34 > 1.5

Event selection - criteria
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• Signal efficiency ~54-62% depending on hadronic final state 


• Expect ~10 Z(ll)H(ss) events in 5/ab; >1k for other hadronic final states


• Other Higgs decays: ~5k events, mainly (90%) ZZ and WW -> 4q


• Main non-Higgs bkg: ZZ ~11k events

Event selection - cutflow

11

120 122 124 126 128 130 132 134 136 138 140
 [GeV]recoilm

0

1000

2000

3000

4000

5000

ev
en

ts
 / 

0.
25

 G
eV

)sllH(s
)cllH(c

llH(gg)
)bllH(b

llH(other)
*γZ/

ZZ
WW

FCC-ee Simulation (Delphes)

-1 = 240 GeV  L = 5 abs
)s/3554 gg/10 sc/1210 cb26865 sig. (22091 b

17026 bkg. 

 + X-l+ l→ ZH → -e+e
, lep. veto

miss
, E

jets
, m

recoil
|, mllθ, |cos

ll
Z(ll), m



Giovanni Marchiori Higgs → bb/cc/gg/ss with Z(ll/νν)H at √s=240 GeV - 27/01/2023

Event classification
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• Events are classified into 5 event categories ( bb / cc / gg / ss / other ) based on 


• output of tagging score (b/c/g/s/q) for the two jets


• additional variables providing further discrimination between H(gg/ss) vs H(cc/bb)  (missing momentum and diet mass)  
and between H(qq) and H(VV->4q): d23, d34


• The variables are combined in a multi-layer fully connected neural network with 5 outputs = weights for each category


• The network is trained using llH events (200k each for each), split 50:50 for training and validation
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Fit model
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• Simultaneous S+B fit to the recoil mass of the event categories - 0.25 GeV bins in range 120-140 GeV


• Try to minimise assumptions (=> systematic uncertainties)


• Background model: 1st order polynomial, floating shape parameter and yield in each category


• Signal model: double-sided Crystal Ball function with same parameters in all categories, tail parameters and 
acceptance in each category fixed from MC, core parameters and overall signal strength floating 


• Fit is performed to Asimov dataset generated from nominal models fitted to MC events passing selection


• To increase S/B and thus the final sensitivity of the measurement, for the final fit, only events with output score for the 
category they are assigned to greater than a certain threshold 
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Fit results
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• Nominal fit performed with 5 floating signal strengths and floating bkg normalisations


• Alternative fits performed with reduced number of floating signal strengths / bkg normalisations
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Fit results
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• Nominal fit performed with 5 floating signal strengths and floating bkg normalisations


• Alternative fits performed with reduced number of floating signal strengths / bkg normalisations


• If bkg and H(other) normalisations are constrained, “ultimate" uncertainties are 


• 0.72% (bb)    4.50% (cc)    2.55% (gg)    360% (ss). 
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Z(νν)H(jj) analysis overview
• Signature: 


• Large momentum imbalance (~50 GeV), with invisible mass ~mZ 


• No high-momentum lepton


• 2 jets with mjj~mH


• Main bkg: processes producing high-momentum neutrinos (VV). In addition, bkg from other Higgs boson decays (mainly 
H→WW,ZZ→4q)


• Signal: some contamination from W-boson fusion process (σ/σZH ~ 13%)

16
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• CERN analysis: 

• No μ and e with p>20 GeV


• |cos(θ_invisible)| < 0.85 


• APC analysis: 

• No μ and e with p>20 GeV


• |cos(θjj)|<0.9 


• 20<pmiss<70 GeV


• 100<mjj<135 GeV


• 45<E(j1)<105 GeV, 20<E(j2)<70 GeV


• N(constituents): j1>10, j2>6


• cos(θj1 + θj2)>0.5


• cos(φj1-φj2)<0.999

Event selection - criteria
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• CERN analysis: 

      

• APC analysis:

• Expect ~45 ZH(ss) events, >5k for other hadronic final states

Event selection - cutflow
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Event selection - cutflow
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Event classification

20

• CERN analysis:


• Classify events by summing the tagger score of the two jets


• Further subdivide events by defining three orthogonal categories with 
different signal purities for each output score: {b, c, s, g-like} x {LP, MP, HP} 

• APC analysis: similar approach to Z(ll)H analysis (multi-layer 
fully connected NN with 5 output scores)


• classify events in 5 categories, retain only events with output 
score above a certain threshold of the score 
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Fit model

21

• CERN analysis: template 2D fit to mmiss vs mvis in the 12 tagging x purity categories


• APC analysis: template 1D fit to pmiss in the 5 tagging categories


• Templates taken from simulation


• Floating parameters:


• CERN: 4 signal strengths (ννH(other) and bkg yields profiled w/ prior constraints on overall σ, acceptance from MC)


• APC: 5 signal strengths + 5 bkg yields (one per category)
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Fit results
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• CERN analysis:  

• APC analysis:
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68% CL uncertainties on signal strengths: 
bb: 0.4% 
cc: 2.8% 
gg: 1.2% 
ss: +-160%

• If bkg and H(other) normalisations are constrained, uncertainties reduced to


• 0.39% (bb)    2.89% (cc)    1.30% (gg)    235% (ss)
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• Full analysis chain of H(bb/cc/gg/ss) decays in Z(ll) and Z(νν) channels implemented and run over recently produced 
winter2023 MC samples with latest ParticleNet-based taggers


• Preliminary results indicate (~stat-only) uncertainties on the signal strengths at the level of 


• 0.4% for Hbb, 1.2% for Hgg, 2.8% for Hcc, 160% for Hss in the neutrino channel


• 0.8% for Hbb, 3% for Hgg, 5.3% for Hcc, O(400%) for Hss in the leptonic channel, with minimal assumptions on the bkg


• 0.4% / 1.2% / 2.7% / 150% when combining the two 


• The same analysis can also provide constraints on H->WW+ZZ (->4q) (~2.5% unc. in both channels)

23

Conclusions
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• Directions for the future:


• Analysis of Z(qq)H(qq) final state ramping up, will bring significant increase insensitivity


• Investigate further optimisation of the two analyses, harmonise approaches / assumptions of different teams


• Use to benchmark alternative detector designs / layouts


• More details:


• CERN analysis (νν): Andrea’s talk   


• APC analysis (ll,νν): GM's internal note 
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Conclusions (II)

https://indico.cern.ch/event/1237690/contributions/5206234/attachments/2577204/4444207/Pres17Jan2023.pdf
https://cernbox.cern.ch/s/XYyITHoAvHCUIfF


Backup
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CEPC projections

• CEPCv1 (5.6/ab at 250 GeV, B=3.5T)


• ~5% worse results for CEPCv4 vs v1
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• CEPCv1 vs CEPCv4 (5.6/ab at 240 GeV, B=3T)
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FCCee CDR projections
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Event selection Z(ll)H
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• Z(ll) selection: 

• Select two opposite-sign, same-flavour leptons with 
25<p<80 GeV and invariant mass closest to mZ


• 81<mll<101 GeV


• |cos(Polar angle of dilepton pair)|<0.8
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Event selection Z(ll)H
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• Recoil and jet selection: 

• Remove selected leptons from Z candidates from 
ReconstructedParticles and cluster remaining ones


• Use Durham (ee kt) exclusive N=2 clustering algorithm


• Recoil mass in 120-140 GeV


• Jet momentum in 15-100 GeV


• Hadronic mass in 100-140 GeV


• Missing energy < 30 GeV and no extra lepton with 25<p<80 GeV 70 80 90 100 110 120 130 140 150 160
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• No μ and e with p>20 GeV


• |cos(θjj)|<0.9 


• 20<pmiss<70 GeV


• 100<mjj<135 GeV


70 80 90 100 110 120 130 140 150
 [GeV]jjm

0

0.05

0.1

0.15

0.2

0.25

0.3 )bH(bνν
)cH(cνν

H(gg)νν
)sH(sνν

H(other)νν
ZZ
WW

)q*(qγZ/
Zeνeν



Giovanni Marchiori Higgs → bb/cc/gg/ss with Z(ll/νν)H at √s=240 GeV - 27/01/2023

Event selection Z(vv)H

33

0.95 0.955 0.96 0.965 0.97 0.975 0.98 0.985 0.99 0.995 1
)

j2
φ-

j1
φcos(

3−10

2−10

1−10

)bH(bνν
)cH(cνν

H(gg)νν
)sH(sνν

H(other)νν
ZZ
WW

)q*(qγZ/
Zeνeν

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
)j2θ+j1θcos(

6−10

5−10

4−10

3−10

2−10

1−10

)bH(bνν
)cH(cνν

H(gg)νν
)sH(sνν

H(other)νν
ZZ
WW

)q*(qγZ/
Zeνeν

0 20 40 60 80 100 120 140
 [GeV]j1E

0

0.02

0.04

0.06

0.08

0.1

)bH(bνν
)cH(cνν

H(gg)νν
)sH(sνν

H(other)νν
ZZ
WW

)q*(qγZ/
Zeνeν

0 10 20 30 40 50 60
j1
constN

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22 )bH(bνν
)cH(cνν

H(gg)νν
)sH(sνν

H(other)νν
ZZ
WW

)q*(qγZ/
Zeνeν

0 20 40 60 80 100 120 140
 [GeV]j2E

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08 )bH(bνν
)cH(cνν

H(gg)νν
)sH(sνν

H(other)νν
ZZ
WW

)q*(qγZ/
Zeνeν

0 10 20 30 40 50 60
j2
constN

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22 )bH(bνν
)cH(cνν

H(gg)νν
)sH(sνν

H(other)νν
ZZ
WW

)q*(qγZ/
Zeνeν

• 45<E(j1)<105 GeV, 20<E(j2)<70 GeV


• N(constituents): j1>10, j2>6


• cos(θj1 + θj2)>0.5


• cos(φj1-φj2)<0.999
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• Z(ll)H:


• 18/07/2021, FCC Physics Performance meeting (link)


• 02/12/2021, FCC-France workshop (Annecy) (link)


• 07/02/2022, ”Liverpool” FCC Physics Workshop (online) (link)


• 23/05/2022, FCC Higgs Performance meeting (link)


• Z(ll)H + Z(vv)H (APC)


• 01/07/2022, FCC-France jamboree (online) (link)


• 22/11/2022, FCC France-Italy workshop (Lyon) (link)


• 06/12/2022, FCC Higgs Performance meeting (link)


• 17/01/2023, FCC Higgs performance meeting (link)


• Z(νν)H (CERN)


• 06/12/2022, FCC Higgs Performance meeting (link)


• 17/01/2023, FCC Higgs performance meeting (link)

https://indico.cern.ch/event/1059617/contributions/4453252/attachments/2284009/3881718/2021_07_19%20-%20Higgs%20hadronic%20branching%20ratios%20with%20ZllH%20at%20FCCee.pdf
https://indico.in2p3.fr/event/22887/contributions/101478/attachments/67635/94879/2021_12_02%20-%20Higgs%20hadronic%20branching%20ratios%20with%20ZllH%20at%20FCCee.pdf
https://indico.cern.ch/event/1066234/contributions/4708094/attachments/2385936/4435226/2022_02_07%20-%20Higgs%20hadronic%20branching%20ratios%20with%20ZllH%20at%20FCCee.pdf
https://indico.cern.ch/event/1161222/contributions/4879938/attachments/2449086/4196861/2022_05_23%20-%20Higgs%20hadronic%20branching%20ratios%20with%20ZllH%20at%20FCCee.pdf
https://indico.in2p3.fr/event/26111/contributions/112548/attachments/71964/102653/GuimbardMaloizel_31062022_FINAL%20(1).pdf
https://indico.in2p3.fr/event/27968/contributions/115540/attachments/74108/106653/2022_11_22%20-%20Higgs%20hadronic%20branching%20ratios%20with%20ZH%20at%20FCCee%20copy.pdf
https://indico.cern.ch/event/1221257/contributions/5170038/attachments/2561856/4415802/2022_12_06%20-%20Higgs%20hadronic%20branching%20ratios%20with%20ZH%20at%20FCCee.pdf
https://indico.cern.ch/event/1237690/contributions/5206233/attachments/2577080/4444010/2023_01_17%20-%20Higgs%20hadronic%20branching%20ratios%20with%20ZH%20at%20FCCee.pdf
https://indico.cern.ch/event/1221257/contributions/5170036/attachments/2561835/4415762/Pres6Dic2023.pdf
https://indico.cern.ch/event/1237690/contributions/5206234/attachments/2577204/4444207/Pres17Jan2023.pdf

