
N. De Filippis June 27, 2019, IPPP-Durham University 
 

1 

On behalf of the ATLAS and CMS collaborations 
 

FUTURE PROSPECTS FOR HIGGS 
PHYSICS AT THE LHC AND BEYOND 

Nicola De Filippis 
Politecnico & INFN, Bari and LPC-FNAL, Batavia 

June 27, 2019, IPPP-Durham University 

Institute for Particle Physics 
Phenomenology (IPPP)  

Durham University 



N. De Filippis June 27, 2019, IPPP-Durham University 
 

2 

Outline 

2 2 

•  Highlights for Higgs physics @ Run 2 
•  Hàbb observation 
 

•  HL-LHC and Higgs prospects 
•  Selected results 
•  Studies for L1 TDR trigger preparation 

•  Higgs physics for Future colliders 
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SM Higgs production at the LHC 
•  ggF: dominant, larger initial 

state radiation from gluons 

•  VBF: two forward jets with high 
mass and large rapidity gap 

•  VH: vector boson (lv, ll’, qq’) 

•  ttH: many b-jets, leptons, ET
miss 

Total cross-section  = 56 pb at 13 TeV 
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Higgs decay channels 

At mH =125 GeV: 
 
•  H(bb)    = 57.8% 
•  H(WW) = 21.4% 
•  H(gg)    = 8.19% 
•  H(ττ)     = 6.27% 
•  H(ZZ)    = 2.62% 

 
 
•  H(cc)    = 2.89% 
•  H(γγ)     = 0.23% 
•  H(Zγ)    = 0.15 % 
•  H(µµ)    = 0.02% 
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•  LHC has produced > 3 years of 13 TeV data 
with fantastic performance  
•   >150 fb-1 data by the end of the 2018 run 
•  Maximum peak luminosity ~2x1034 cm-2s-1 

with mean pileup ~33 in 2017, ~38 in 
2018 

•  DESIGN peak luminosity exceeded by a 
factor of 2! 

LHC Run 2 
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Large impact on b-tagging performance 

CMS/ATLAS in 2017/2018 (after LS1) 

4th	insertable	
pixel	b-layer	(IBL)	
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Hàbb 
 

 Motivation: 
•  Hà bb has the largest BR (58%) for mH=125 GeV 
•  Unique final state to measure coupling with down-type 

quarks 
•  Drives the uncertainty of the total Higgs boson width 
•  Primary decay mode for searches at LEP and Tevatron  

à a long history or searches 
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First Hàbb searches started at LEP...
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... and continued at Tevatron
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• Needs: 
 
 
• H(bb) compared with discovery channel 

 
• Higgs-strahlung - VH (4%) is the most sensitive channel 

•  leptons, ET
miss to trigger and high pT V to suppress backgrounds   

Hàbb search challenge: 
•  Good b-jets identification performance:  

70% efficiency with < 1% q/g mis-identification probability 
•  Best possible resolution on m(bb) 
•  Capability to exploit all possible information from the event to 

improve S/B 

@CMS so far 
Evidence established in 2017 
Phys. Lett. B 780 (2018) 501 



N. De Filippis June 27, 2019, IPPP-Durham University 
 

11 

VH(Hàbb): analysis strategy 

11 LPCC Seminar - Observation of Hbb 

•  Analysis strategy: 
•  3 channels with 0, 1, and 2 leptons and 2 b-tagged jets  

•  To target Z(νν)H(bb), W(lν)H(bb) and Z(ll)H(bb) processes 

•  Signal region designed to increase S/B 
•  Large boost for vector boson 
•  Multivariate analysis exploiting the most discriminating variables (mbb,̄ ΔRbb ̄, b-tagging) 

•  Control regions: to validate background samples and control/constrain 
background normalization and systematics 

normalization from  data, shapes from MC  

Z+bb ̄ 

W+bb ̄ 

tt̅ 

single t 

0-lepton (MET) 
1-lepton [e,µ] 
2-leptons [ee,µµ] 
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Improvement of b-tagging 
CMS: better mis-identification 
rate and data/MC agreement 
with Phase 1 pixel detector and 
DeepCSV algorithm 
•  Efficiency ~70% per fake rate at < 

1% 

ATLAS: 
•  rejection of light/c 

jets 300/8 at 70% 
b-jet efficiency 

•  Good performance 
even at high PU 
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Improvement of di-jet mass resolution 
CMS:  
•  Regression mainly recovers missing 

energy in the jet due to neutrino 
•  Extended set of  input variables now 

including lepton flavour (µ/e), jet mass, 
pT wrt to lepton axis, energy fractions in 
ΔR rings  

•  Significant m(bb) resolution 
improvement à σ/peak down to 11.9% 
in 2017 wrt 13.2% in 2016 

ATLAS 
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Kinematic fit in 2-lepton channel 

ATLAS: 

w/o kin 
fit 

w/ kin 
fit 

Stat. unc. only Stat. unc. only 

CMS:  
•  No intrinsic missing energy 

in the Z(ll)H(bb ̅) process  
•  Improve jet pT measurement 

through kinematic fit 
procedure 

•  Constrain dilepton 
system to Z mass 

•  Balance the ll+bb 
system in the (px,py) 
plane 

•  Improvement of up to 36% 
on m(bb ̅) resolution 
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Run 1 + Run 2 results (CMS) 
VH(Hàbb) 

Combining all the channels: 
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LHC experiments confirm that the SM is robust but it should not be the 
ultimate theory of particle physics, because of many questions: 

•  why is the Higgs boson so light (“naturalness”/fine-tuning/hierarchy 
problem) ? 

•  what is the the nature of the dark part (96% !) of the universe ? 
•  what is the origin of the matter-antimatter asymmetry ? 
•  why is gravity so weak ? 
•  Is supersymmetry realized in Nature?   
•  Inflation  

 
No excess in data for direct signs of new physics: 

•  Supersymmetry 
•  Long-lived particles 
•  New heavy resonances 
•  Dark Matter and its nature 

 
Doing Precision measurements (Couplings, Cross Sections, Width, Differential 
Distributions,…) which might be an indirect sign of BSM physics 

Physics landscape at the end of Run 2 
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The Big Questions 
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Luminosity 

LHC and HL-LHC schedule 
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New Tracker  
•  Radiation tolerant - high granularity - less 

material  
•  Tracks in hardware trigger (L1) 
•  Coverage up to η ∼ 4 

Muons 
•  Replace DT FE electronics 
•  Complete RPC coverage in forward 

region (new GEM/RPC technology) 
•  Investigate Muon-tagging up to η ∼ 3 
•  CSC replace FE-Elec. for inner rings  
    (ME 2/1, 3/1, 4/1)  

New Endcap 
Calorimeters 
•  Radiation tolerant  
•  High granularity 

(HGCAL)  

Barrel ECAL 
•  Replace FE electronics 
•  Cool detector/APDs 

Trigger/DAQ 
•  L1 (hardware) with tracks 

and  rate up  ∼  750 kHz 
•  L1 Latency 12.5 µs 
•  HLT output rate 7.5 kHz 
•  New DAQ hardware 

Other R&D  
•  Fast-timing for in-time pileup suppression 

New all Al beam pipe with smaller  
cone angle and cyl. central pipe 

Barrel HCAL 
•  Replace HPD by SiPM 
•  Replace inner layers scint. tiles? 

Proposal for a Timing layer 
•  Timing resolution ~ 10 ps 
•  Space resolution ~ 10’s of µm 

CMS Phase 2 upgrade 
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Itk: All-silicon tracker which provides coverage for tracking for up to |η| < 4.0. 
Optional: A new High Granularity Timing Detector (HGTD) instrumenting 
the gap region between the two LAr cryostats 
Muon: new RPCs and sTGCs which are able to cope with the high rate trigger 

ATLAS Phase 2 upgrade 



N. De Filippis June 27, 2019, IPPP-Durham University 
 

21 

Detector performance for Phase 2 upgrade 
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Phase II Detector Upgrades:  
•  Radiation hardness 
•  Mitigate physics impact of high pileup 
•  à Object reconstruction efficiencies, resolutions and fake rates are 

assumed to be similar in the Run-2 and HL-LHC environments 
 
Higgs@HL-LHC:  
•  Precision Measurements (Couplings, Cross Sections, Width, 

Differential Distributions,…)  à looking for deviations from the SM 
•  BSM Higgs direct searches: extra scalars, BSM Higgs resonances, 

exotic decays, anomalous couplings 
•  VBS scattering 
•  Rare decays and couplings 

•  Di-Higgs production ➜ Higgs self coupling 

Strategy for Higgs physics @ HL-LHC 
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•  Method 1: Full simulation (CMS): use of the most advanced geometry, algorithms 
and tuning, PU simulation 

 
•  Method 2: Full analysis with parameterized detector performance (CMS): use 

DELPHES with up-to-date phase-2 detector performance (tracking, vertexing, 
timing, dedicated PUPPI jet algorithms, increased acceptance, performance of new 
detectors) 

•  Method 3: truth + smearing (ATLAS): truth-level events overlaid with jets (full 
sim) from pileup library, reconstruct particles (electrons, muons, jets, MET) from MC 
truth+overlay and smear their energy and pT using appropriate smearing functions 

•  Cross checked with some of the ‘real’ data analyses 

•  Method 4: projections (mostly CMS and LHCb) 
•  Existing signal and background samples (simulated at 13 TeV) scaled to higher  

lumi and √s luminosity and 14 TeV. Analysis steps (cuts) from present analyses 
•  2 scenarios for uncertainties: 

•  Scenario 1: all systematic uncertainties are kept unchanged with respect to those in 
current data analyses + PU/detector upgrades (S1+) 

•  Scenario 2: the theoretical uncertainties are scaled by a factor of 1/2, while other 
systematical uncertainties are scaled by 1/√L + PU/detector upgrades (S2+) 

Analysis approaches for HL-LHC 



N. De Filippis June 27, 2019, IPPP-Durham University 
 

24 

Modeling the projections for HL-LHC 

Theoretical uncertainties: 
• Build upon existing/recent TH progress/studies 
• Assume a scaling down by a constant factor 
• QCD calculations (1/2), understanding of PDFs (1/3), top pT (1/2), etc. 

Experimental uncertainties: 
• Estimates of ultimately achievable accuracy based on the upgraded Phase-2 
detectors studies (TDRs). 
• Assumption that sufficiently large simulation samples will be available 
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Hàγγ 

2
5 
2
5 

Projections for: 
•  Hàγγ (ggH, VBF, VH, ttH)               

Achievable precision @3000 fb-1 :  less than 10 % (VH dominated by stat uncert.) 

two isolated photon candidates passing good quality 
requirements in the precision regions of the detectors 

The main systematic uncertainties affecting the results are the background modeling 
uncertainty, missing higher order uncertainties causing event migrations between the 
bins, photon isolation efficiencies and jet uncertainties 
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HàZZà4l 
Projections for: 
•  HàZZà4l (ggH, VBF, VH, ttH)  

at least two same-flavor opposite-sign di-lepton 
pairs, chosen from isolated e and µ candidates 
passing good quality requirements in acceptance 

Dominant systematic uncertainties:  
•  for ggH: on the lepton reconstruction and identification efficiencies, and 

pile-up modelling uncertainties. 
•  for VBF and VH: on the jet energy scale and resolution, and by the 

missing higher order uncertainties + the parton shower modelling for ttH. 
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HàWWà2l2ν
Projections for: 
•  HàWWà2l2ν (ggH, VBF, VH)  

events that contain two opposite-charged isolated 
leptons passing good quality requirements in the 
precision region of the detectors and missing 
transverse momentum 

The measurement of the ggH cross section by branching fraction is dominated 
by theoretical PDF uncertainty, followed by experimental uncertainties affecting the 
signal acceptance, including uncertainties on the jet energy scale and flavour 
composition, and lepton mis-identification. 
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Hàττ
Projections for: 
•  Hàττ (ggH, VBF) 

Three subs-channels (τlepτlep, τlepτhad and τhadτhad) are defined 
by requirements on the number of hadronically decaying  τ-
leptons candidates and leptons (electrons or muons) 

The dominant contributions to the systematic uncertainty come from:  
•  the experimental and background modeling errors 
•  the uncertainties on jet calibration and resolution, on the reconstruction of the Et

miss 

•  the determination of the background normalization from signal and control region 
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Hàbb
Projections for: 
•  VH, Hàbb and boosted Hàbb 

The largest component of the systematic uncertainty is theoretical. This arises from the 
uncertainty in the gluon-induced ZH (ggàZH) production cross section due to QCD 
scale variations 

•  Leptonic decays of the vector boson for 
triggering and to reduce the multi-jet 
background 

•  Final states: two b-jets and either zero, one or 
two electrons or muons. 
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•  Signature: 2 OS isolated muons, resonant peak 
at the Higgs mass 

•  BR(H→µµ)=0.022. Only visible at HL-LHC  
•  di-muon invariant mass width is reduced in order 

to match the expected increase in performances 
due to the upgrade in the tracking system 

 
 
 

Rare decays: Hàµµ

CMS detector will be able to reach in the best category 
a di-muon mass resolution down to 0.65% 
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Higgs boson cross section 
Projections for: 
•  HàZZà4l (ggH, VBF, VH, ttH)       
•  HàWWà2l2ν (ggH, VBF, VH)  
•  Hàγγ (ggH, VBF, VH, ttH)               
•  Hàττ (ggH, VBF) 
•  VH, Hàbb and boosted Hàbb    
•  Hàµµ (ggH and VBF) 
•  ttH, Hàleptons, Hàbb                   

 + studies about tH 

Systematic uncertainties will 
dominate, in particular theoretical 
uncertainties on signal and 
background are the main 
component for S2 scenario 
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Higgs boson cross section 
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Higgs boson branching ratios 

3
3 
3
3 

For the combined ATLAS-CMS extrapolation  
•   uncertainty range from 2 to 4%, with the exception of that on B(µµ) at 8% and 

on B(Zγ) at 19%. 
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Higgs couplings formalism 
LHC Higgs Xsection WG - arXiv:1307.1347v2  

Ø  Single resonance with mass of 125 GeV. 

Ø  Zero-width approximation 

Ø  coupling scale factors Κi are defined in such a way that: 
Ø  the cross sections σi and the partial decay widths Γi 
scale with K2

i compared to the SM prediction 
 

Ø  deviations of Ki from unity à new physics BSM  

Ø  Results from fits to the data using the profile likelihood ratio with κi 
couplings  
Ø  as parameters of interest  or as nuisance parameters 

Ø  the tensor structure of the lagr. is the SM one à observed 0+ 
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Higgs couplings formalism 
arXiv:1307.1347v2  

Contributions from new 
physics through ΓBSM 
and loop processes  
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•  Results for couplings in κ-framework 
•  Six coupling modifiers corresponding to the tree-level Higgs boson couplings are 

defined: κt, κb, κτ, κµ, κW, κZ (+ κg, κγ, κZγ) 

Higgs boson couplings 

Uncertainties on the κ's 2-5%, apart from Zγ  
Mostly limited by theoretical uncertainties 
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Anomalous HVV interactions
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Differential Higgs cross sections 

Observable
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Combined differential cross 
sections using: 
•  H→γγ , H→ZZ→4l 
•  Plus boosted H→bb in the 

high pT
H tail 

With respect to the uncertainties at 
the current integrated luminosity 
the uncertainties at 3000 fb-1: 
 

•  in the higher pT
H region are 

about a factor of ten smaller 
(statistically dominated) 

•  in the lower pT
H region the 

reduced systematic 
uncertainties in S2 yield a 
reduction in the total uncertainty 
of up to 25% compared to S1 
(no statistically dominated) 

Looking at distortions of differential 
distributions 
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THE HIGGS POTENTIAL 

h
h

h

After spontaneous symmetry breaking: 

h h

hh
The	strength	of	the	triple	and	quartic	couplings	is	fully	
fixed	by	the	potential	shape.	

Why is it 
relevant? 

•  it is the last missing ingredient of the SM, like the 
Higgs boson was the last missing particle, we need 
to prove that things really behave like we expected 

•  It has implications on the stability of the Vacuum 

•  it could make the Higgs boson a good inflation field 
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Double Higgs production 

Not enough data in Run 2 to 
approach the SM sensitivity 
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Prospects for HH measurements 
Search of Higgs boson pair (HH) production and the measurement of the Higgs 
boson self-coupling (λHHH) 
Decay channels: HHà bbbb, bbττ, bbWW(àllνν), bbγγ (most sensitive), bbZZ(à4l)  

Measurement of the kλ=λHHH /λSM
HHH 

in the range [0.4, 1.9] at the 68% CL 
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HH: CMS and ATLAS combined
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Differential XS and limits on self coupling
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Constraints on the trilinear coupling

4
4 
4
4 
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Limits on the Higgs width
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Higgs to Invisible decays 
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FUTURE HIGGS PLANS WITH NEW L1 
TRIGGER DESIGN FOR PHASE 2 

What has been the focus now?
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HIG-related plans for L1 Trigger TDR 
General goal:  
Evaluate the impact of Phase-2 L1 Trigger on benchmark physics analyses à 
Phase-2 L1 Trigger TDR 
 
Phase-2 L1 Trigger Menu & seeds: 
Some recent progress/developments by L1 trigger team  

Displaced muons seeds - check if sustainable 
• double muon path with displaced muons algos (h→γDγD→µµXX) 
 

Extended η Seeds - check rates 
• standard double Muon(Electron) paths up to η 2.8(3) (HWW,HZZ) 
• HT+QuadJets with extended jets up to 3.5 (HH,bbbb) 
 

New cross triggers to lower thresholds 
• MET+VBF (VBF H→invisible) 
• HT+QuadJet+softMu-within-jet (HH,bbbb) 
• τ+m+m, τ+τ+m, τ+τ+softMu-within-jet (h→aa→bbττ, µµττ) 
• VBF+softMu-within-jet (VBF h→aa→bbbb) 
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VBF Hàinvisible 
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•  Current VBF Hàinvisible analysis relies on pure MET triggers. 
•  For 2017-2018 data: VBF L1 trigger in menu - still to  

be integrated into the analysisà gain in signal efficiency  
in a complementary low MET - high Mjj phase-space 

•  Investigating a 2nd complementary VBF-based trigger: 
•  minimum one pair of jets  

with pT > 110, 35 GeV, Mjj > 650 GeV. 
•  at HLT: MET> 110 GeV 
•  Additional criteria to loosen the jet pT thresholds: 

•  min(Δφ(jets,MET)): to reject QCD multi-jets  
Δφ(jj): background rejection sensitive to HIG CP nature. 

•  loose MET criteria. 
•  Depends on: 

•  PU-resilience of jets and MET at L1. 
•  Feasibility of implementing corresponding algorithms in firmware  

à need L1 experts for a VBF jet+MET trigger with jets pT , Mjj and (jets,MET) criteria. 

 

HE/HL-LHC YR analysis: FTR-18-016 Some analysis details: 

Plans for the future: 
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HHàbbbb 

Studies performed for the HL/HE YR showed the 
importance of low jet thresholds to ensure enough 
signal acceptance (and then the significance) 
 
Plans for the future: 
•  Study the impact of lowered threshold and of the 

jet η extension on the sensitivity 
•  Study effect of pT-asymmetric & jet+HT triggers 

•  like : pT> 90,70,40,40 GeV + HT > 350 Gev 

“Resolved” topology:  
•  four jets from reconstructed separately, 
•  usage of BDT explored to efficiently discriminate the 

signal from overwhelming multi-jet QCD background. 

HHàbbbb to measure/constraint Higgs self couplings λ3: 
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HE/HL-LHC YR analysis: FTR-18-019 
Gluon fusion production gg àHH 
Some analysis details: 
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ggF Hàφφà bbbb (displaced jets)
HE/HL-LHC YR analysis: FTR-18-018 

Consider scalar φ with a macroscopic decay length (1-50mm) à displaced jets 
 
The team already investigated the capabilities of L1 track finding to increase the L1 
trigger efficiency for such signals via: 
•  a jet clustering algorithm that uses the L1 tracks with a primary vertex constraint 
•  extension of the L1 track finder to off-pointing tracks (Kinks), and develop a jet 

lifetime tag for tracks with |η| < 1.0. 
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Plans for the future: 
•  Expanding the off-pointing track finding at L1 to the 

full acceptance of the outer tracker 
•  Matching track jets with high transverse momentum 

(pT) deposits in ECAL; and finding new ways to 
evaluate track quality to suppress “fake” tracks 

Some analysis details: 
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Hàaaà bbττ, µµττ

hàaaà2b2τ:  
•  currently trigger on e+mu, e+tau, single-e, single-

mu, and mu+tau 
 

•  no study the final state with two hadronic taus 
because of the lack of triggers. This final state could 
be analyzed using a low-mass di-tau trigger. Such a 
trigger was deployed at end of the 2018 data taking 

 

hàaaà2µ2τ:  
•   may benefit from a mu+mu+tau trigger 

 
 

Exotic decays of the Higgs boson to a pair of light 
pseudoscalar bosons explored: 
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HE/HL-LHC YR analysis: FTR-18-035 
Some analysis details: 
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Future colliders 
 

European Strategy Group  
from Granada workshop  

& more 
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ILC, CLIC, FCC-ee/hh,CepC/SppC 
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ILC, CLIC, FCC-ee/hh,CepC/SppC 
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Future accelerators: comparison
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The challenges
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Higgs studies for FCC-ee/CepC 
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FCC-ee/CepC motivation
!

4!
!

universities'worldwide.!

e)! There! is! a! strong! scientific! case! for! an! electronGpositron! collider,!
complementary!to!the!LHC,!that!can!study!the!properties!of!the!Higgs!boson!and!
other! particles! with! unprecedented! precision! and! whose! energy! can! be!
upgraded.!The!Technical!Design!Report!of! the! International! Linear!Collider! (ILC)!
has! been! completed,!with! large! European! participation.! The! initiative! from! the!
Japanese!particle!physics!community! to!host! the! ILC! in! Japan! is!most!welcome,!
and!European!groups!are!eager!to!participate.!Europe'looks'forward'to'a'proposal'
from'Japan'to'discuss'a'possible'participation.!

f)! Rapid! progress! in! neutrino! oscillation! physics,! with! significant! European!
involvement,!has!established!a!strong!scientific!case!for!a!longGbaseline!neutrino!
programme!exploring!CP!violation!and!the!mass!hierarchy!in!the!neutrino!sector.!
CERN' should' develop' a' neutrino' programme' to' pave' the'way' for' a' substantial'
European' role' in' future' longBbaseline' experiments.' Europe' should' explore' the'
possibility'of'major'participation'in'leading'longBbaseline'neutrino'projects'in'the'
US'and'Japan.!

The Strategy update must strike a balance between maintaining the diversity of the scientific 
programme, which is vital for the field since a breakthrough often emerges in unexpected areas, 
and setting priorities since the available resources are limited. As already described, large-scale 
particle physics activities require substantial investment of human and financial resources for an 
extended period. Although many of these activities are important for particle physics, they 
require careful planning and prioritisation in the international context. Out of the many 
motivated proposals put forward by the community and described in the Briefing Book, only 
four activities have been identified as carrying the highest priority. 

One of the key questions of particle physics that should soon receive a definitive answer was 
already identified by the 2006 Strategy, i.e. whether the Standard Model of strong and 
electroweak interactions, with its minimal realisation of the Brout-Englert-Higgs mechanism of 
electroweak gauge symmetry breaking and the modifications required to account for neutrino 
oscillations, is a valid description up to energy scales much higher than the TeV scale, or is 
modified by the presence of new particles at energies accessible to present and future high-
energy colliders. 

Today, some essential milestones along these lines have already been reached. First, and 
foremost, a new boson with a mass near 125 GeV has been discovered, compatible with the 
scalar particle of the Standard Model within the present experimental errors; secondly, many 
particles, suggested by motivated extensions of the Standard Model with or without 
supersymmetry, have been excluded well beyond the previous LEP and Tevatron limits; finally, 
several new precision tests have confirmed the Standard Model description of flavour mixing 
and CP violation in the quark sector and established additional strong indirect constraints on 
possible new physics at the TeV scale and beyond. 

On the one hand, the net result of all this is an impressive consolidation of the Standard Model 
of strong and electroweak interactions, with the technical possibility of extending its validity to 
scales much higher than the TeV scale. The simplest attempts to modify the Standard Model at 
the TeV scale, for example TeV-scale supersymmetry or partial compositeness, in order to 
correct some of its perceived theoretical weaknesses have started to be seriously challenged. On 
the other hand, there is strong evidence that the Standard Model must be modified, with the 
introduction of new particles and interactions, at some energy scale. Such evidence comes from 
studies of neutrino oscillations, dark matter, the observed baryon asymmetry of the Universe, 
the need to eventually incorporate quantum gravity and a model for cosmological inflation. 
Also, there are good indications that some of these modifications could take place in the vicinity 
of the TeV scale. Firstly, the theoretical concept of naturalness suggests that the validity of the 
Standard Model cannot extend much beyond the mass of its scalar particle. Secondly, weakly 

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
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≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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√s = 240 GeV 

e+e-→ HZ→ ggµ+µ-

u  Higgs-strahlung (mH = 125 GeV) 

u  The gluon can be studied with Higgs decays (BR ~ 10%) 

FCC-ee/CepC: focus on a 90-250 GeV e+e- machine (100 km circumf.) 
5 ab-1 integrated luminosity to two detectors over 10 years à 106 clean Higgs events 

 à FCC-ee/CEPC can measure the Higgs boson production cross sections and 
most of its properties with precisions far beyond achievable at the LHC 
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Higgs production at FCC-ee/CepC
Higgs-strahlung or e+e-à ZH 

    VBF production:  
 e+e-àvvH (WW fus.), e+e-àHe+e- (ZZ fus.) 
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FCC-ee/CepC Higgs factory: √s = 240 GeV  

1.2 Theoretical structure of the Standard Model Higgs boson
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Model-independent precision measurements 
•  A Higgs boson is tagged by a Z and the recoil mass 

•  Measure σ(e+e- → HZ) 
•  Deduce gHZZ coupling 
•  Infer Γ(H→ZZ) 
•  Select events with H→ZZ*

•  Measure σ(e+e- → HZ, with H→ZZ*) 

 
•  Deduce the total Higgs boson width ΓH 
•  Select events with H → bb, cc, gg, WW, ττ, γγ, µµ, Zγ, … 
•  Deduce gHbb , gHcc , gHgg , gHWW , gHττ , gHγγ , gHµµ , gHZγ , ... 
•  Select events with H → “nothing”  
•  Deduce Γ(H→invisible) 

e+e-→ HZ

mH
2 = s+mZ

2 − 2 s(E+ +E− )

µ+

µ-

σ (e+e− →HZ→ ZZZ ) =σ (e+e− →HZ )× Γ(H→ ZZ )
ΓH
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Higgs from recoil mass method
Ø  Best mass precision can be achieved with the Zàll (ee,µµ) decays 
Ø  Cross section, ZH and the Higgs-Z boson coupling g(HZZ), can be derived in a model-

independent way 
Ø  g(HZZ) and Higgs decay branching ratios can be used to derive the total Higgs boson decay 

width. 
Ø  A relative precision of 0.9% for the inclusive 

cross section has been achieved with CepC.  
Ø  The Higgs mass can be measured with a 

precision of 6.5 MeV; the precision is limited by 
the beam energy spread, radiation effect and 
detector resolution 

Ø  A relative precision of 0.51% on σ(ZH) by 
combining ee,µµ and qq channels 

Ø  g(HZZ) can be extracted from σ(ZH) with a 
relative precision of 0.25% 

CepC CDR 
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Higgs coupling measurements

Projections for CEPC at 250 GeV 
with 5 ab-1 integrated luminosity and 
7 parameters fit 

Ø  assuming lepton universality à 9 parameters 

Ø  10 parameters 

Ø  assuming the absence of exotic and invisible decays à7 parameters: 

Concerning BRinv a high accuracy of 0.25%, while the HL-LHC can only 
manage a much lower accuracy of 6-17%. 

CepC CDR 
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Summary	about	Higgs	couplings	

Ø  assuming lepton universality à 9 parameters 

Ø  10 parameters 

Ø  assuming the absence of exotic and invisible decays à7 parameters: 
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Higgs studies for FCC-hh/SppS: HH 
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The process towards a decision 
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Many issues
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Summary/Conclusions	

HL-LHC: potential for new physics discoveries and precision measurements: 
§  Per-cent level precision on most Higgs couplings
§  Binv < 2.5% @ 95% CL
§  Width measurable to within 1 MeV
Many inclusive measurements limited by systematic uncertainties ➔ work 
needed from theoretical and experimental side

FCC-ee/CepC: large potential beyond the HL-LHC 
 

Ø  Measurement of the Higgs mass at few MeV level 
Ø  Sub-percent measurement of the higgs couplings 
Ø  Model-independent measurement of the Higgs width 
Ø  deduce Γ(H→invisible) 
Ø  show evidence of BSM Higgs 

FCC-hh/SppS:  
Large potential on Higgs physics and more… if realized it will be the future of the field 

An exciting journey ahead! 
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Backup
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Hàγγ
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Hàγγ
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Hàγγ: categorization 
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Hàγγ: cross section 
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HàZZ 
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HàZZà4l 
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HàZZà4l: cross section 
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HàZZà4l + Hàγγ: mass measurement 
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HàZZà4l + Hàγγ: signal strength 
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New resonances
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SUSY searches
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Dark sector
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ttH
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ttH – topHiggs coupling
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ttH	experimental	search	
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ttH observation

▶ First observation of tree-level Higgs–
top coupling 
▶ Consistent with standard model Higgs 
within 1 sigma 

Decay channels analysed: 
Fermions: H→bb H→ττ    
Bosons: H→WW H→ZZ H→γγ 
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Strategy for BSM physics @ HL-LHC	
•  HL-LHC is a great opportunity to address some of the 

questions mentioned 
•  Focus on relatively broad scenarios with rather generic 

expectations 
•  Make use of either consistent EFT approach when possible or 

simplified models 
•  Perform specific “signature based” analyses with minimum 

theoretical bias à model independent studies 
•  Think about new strategies optimized for HL-LHC and maybe 

not been overlooked because not optimal at LHC (different 
triggers) 

•  In case of a deviation from the SM prediction focus on more 
specific BSM assumptions to identify the origin of new physics 

•  In case of no deviation the constraint should be set in the most 
model independent way possible.  
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Higgs @ HL-LHC in a nutshell 
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Higgs boson properties 
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Projections based on Run-2 combined differential XS (HIG-17-028): 
•  Channels: H→γγ, H→ZZ→4l, boosted H→bb (in the high pT

H tail) 
•  Constraints on effective kb, kc, kt, cg couplings (competitive with direct probes). 

Reduction of uncertainties @3ab-1: 
•  High-pT

H region: x10 
•  Low-pT

H region: x4 

Expected 2D limits in (cg, kt) 

Expected 2D limits in (kb, kc) 
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ttH, Hàbb
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Constraint on the ΓH from H*(126)àZZ 

WW    
ZZ      

gluon-gluon fusion production 

H(126) peak 

Threshold effects 
at 2mZ and 2mt 

Recover CPS 
(~BW) trend 

Off-shell H*(126)àVV     (V=W,Z) 

§  In N. Kauer and G. Passarino, JHEP 08 
(2012) 11 it has been shown that the off-
shell production cross section is sizeable at 
high ZZ invariant mass 

§  that comes from a peculiar cancellation 
between BW trend and Γ(HàVV) 

§  Enhancement of 7.6% of total cross section 
in the ZZ final state 
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Constraint on the ΓH from H*(126)àZZ 
F. Caola, K. Melnikov (Phys. Rev. D88 (2013) 054024) and  
J. Campbell et al. (arXiv:1311.3589)  
showed how this feature can be turned into a constraint on the total Higgs width  

Once µ is fixed a determination of r is obtained and so for ΓH :  

The interference with continuum gg → ZZ is taken into account at high mass  à  gg2VV/MCFM 
VBF production is 10% at high mass à PHANTOM 

µ from CMS 4l paper arXiv:1312.5333 
 and provide result in two ways: 

“µ expected”: use expected signal strength  

“µ observed”: use observed signal strength  

--> so measuring the ratio of σoff-peak and σon-peak à measurement of ΓH 
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Limits on the Higgs width: off-shell anaysis 

9
2 
9
2 

Precision reachable combining CMS 
and ATLAS predictions  with 3000 fb-1 

Systematic uncertainty: 
•  10% additional uncertainty applied 

on the QCD NNLO K factor on the 
gg background process is kept the 
same in this approximated S2 in 
order to remain conservative on the 
understanding of these corrections 
on this background component.  
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Several studies on probing the BSM effects in the Higgs physics : 
•  Probe for anomalous interactions & rare/exotic decays: 

•  Hà invisible  
BINV < 4% (compare to 20% @Run2) [FTR-18-016] 
 

•  Exotic/rare/forbidden decays and signatures 
- BBSM < 6% from couplings combination  
   (compare to 34% @Run2) [FTR-18-011] 
 

- H→BSM or LFV decays  
  [FTR-18-035, not in time for YR v2) 
 

•  L1T TrackJet for BSM Higgs signatures  
- signatures with displaced jets [FTR-18-018] 
 

•  Anomalous couplings and width: 
- significant improvement in limits on anom. coupl. 
  Width: ΓH ⊂ [2,6] MeV @ 95%CL [FTR-18-011] 
 

•  Search for additional Higgs bosons and/or scalars : 
•  MSSM Hàττ search [FTR-18-017] 

 
•  High mass search XàZZ->2l2q  

[FTR-18-040) 

Sensitivity to BSM effects in Higgs physics 
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HH production and self couplings
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FCC-ee and CepC
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FCC-hh and SppC
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Higgs physics at ee/pp colliders
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FCC-ee/CepC challenges
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FCC-ee (with 10% safety margin)

ILC (250 GeV baseline)

ILC (with lumi/energy Upgrade)

CLIC (Baseline)

CEPC (100km, double ring)

-1s-2 cm36 10×Z (91.2 GeV) : 4.6 

-1s-2 cm35 10× (161 GeV): 6.4 -W+W

-1s-2 cm35 10×HZ (240 GeV) : 1.6 

-1s-2 cm34 10× (350 GeV) : 3.6 tt
-1s-2 cm34 10× (365 GeV) : 3.0 tt

-1s-2 cm34 10×HZ : 0.8 - 1.3 

Z        WW    HZ    tt  

LEP × 105 ! 

CLIC 

ILC 

CEPC 

FCC 

Projection on maximum luminosity. 

CepC: 5 ab-1 integrated luminosity to two detectors over 10 years à 106 
clean Higgs events will be produced during this period 

 à FCC-ee/CEPC measure the Higgs boson production cross sections 
and most of its properties with precisions far beyond achievable at the LHC 

Compared with hadron 
collisions at LHC, e+e- collisions 
are not affected by underlying 
events and pile-up effects. 
 
Tagging of e+e- à ZH events 
through the recoil mass method 
is independent of the Higgs 
boson decay 
 
FCC-ee can reach the ttbar 
threshold 
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Higgs factories
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FCC studies: HH


