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•  SM Higgs production and decay 
• Higgs era at Run 1 
• Run 2 @LHC 
• Highlights for Higgs physics @ Run 2 

• Hàbb observation 
• HàZZ and γγ
• Hàττ

•  ttH 
• HL-LHC and Higgs prospects 



N. De Filippis January 26-31, 2019 
 

3 

04/07/2012 

the Higgs boson 
has been found ! 
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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 



N. De Filippis January 26-31, 2019 
 

6 

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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HàZZà4l in a nutshell 
  Signatures: 4e, 4µ and 2e2µ final state  

  clean but extremely demanding channel for 
requiring the highest possible efficiencies 
(lepton Reco/ID/Isolation). 
  s x BR small ≈ few fb 

 
  Backgrounds: 

  Irreducible: ZZ*  
  Reducible: Zbb, tt+jets, Z+light jets, WZ+jets 

  Sensitivity:  115 < mH < 1000 GeV 

  Selection strategy: 
  triggering on double leptons  
  applying reco, id and isolation of leptons 
  recovery of FSR photons 
  use of impact parameter 
  mZ and mZ* constraint 
  kinematical discriminant / scalarity of the Higgs 

H à ZZ* à e+e-µ+µ- 
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7 TeV DATA 
	
4µ+γ Mass : 126.1 
GeV 

µ-(Z1) pT : 28 GeV 

µ+(Z2) pT : 6 GeV 

µ+(Z1) pT : 67 GeV 

µ-(Z2) pT : 14 GeV 

γ(Z1) ET : 8 GeV 

Candidates 
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µ-(Z1) pT : 24 GeV 

µ+(Z1) pT : 43 GeV 

e-(Z2) pT : 10 GeV 

e+(Z2) pT : 21 GeV 

8 TeV DATA 
	
4-lepton Mass : 126.9 
GeV 

Candidates 
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14/6/2012: Approval 
of HàZZà4l 
analysis 

June 2012: 
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4-lepton mass: HàZZà4l, July 4 2012 
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Background:	

•  irreducible	:		γγàγγ,		qqbar,	qgàγγ	from	QCD	

•  reducible:	 	pp	à	γ+jets	(1	prompt	γ	+	1	fake	γ)	
	 	 	 	pp	à	jets	(2	fake	γ),		fake	γ	from	π0àγγ

Important	channel	for	Higgs	with	110<	mH<140	GeV	
•  clear	signature	of	two	isolated	high	ET	photons	
•  small	B.R.	(0.2%)	
•  narrow	mass	peak	with	very	good	mass	resolution	1-2%	
•  VBF	channels	has	two	additional	jets	from	outgoing	quarks	
•  Associate	production:	WH	with	W->lν

Analysis	strategy	based	on:	
• 	trigger	(double	photon	HLT)	
• 	vertex	ID	via	MVA,	photon	reconstruction,	ID	and	isolation	via	MVA		
• 	categories	of	events	based	on	the	γ	shower	shape	(R9)	to	optimize	s/b	
• 	look	for	a	peak	with	MVA	techniques and cut-based	

Hàγγ in a nutshell 
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H èγγ 
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Di-photon	mass:	Hàγγ,	July	4	2012	
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Statistical interpretation of results 
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H0:  null hypothesis / no Higgs 
H1: existence of the Higgs 

Quantify the level for which the 
hypotheses are accepted or rejected 

§  Identify the experimental 
observables 

§  Define a statistical test and the 
parameters of the model 

§  Define intervals for the variable 
to say that H0 is confirmed or 
rejected 

•  Confedence level for 
the exclusion  

•  Significance of the 
discovery 

Test of hypotheses 
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likelihood function 
 

 

 

 

 

 

 

 

 

 

                                       

L(data |µ,θ ) = Poisson(data |µ ⋅ s(θ )+ b(θ )) ⋅ p( θ |θ )

Poisson(data |µ ⋅ s(θ )+ b(θ )) : Poisson probability di Poisson of observing data

(µ ⋅ si + bi )
ni

nii
∏ e−µsi−bi

can be written  

k−1 (µSfs (xi )+Bfb(xi ))
nii

∏ e−(µS−B)

Product of  poissonian 
distribution for observing ni 

events in bin i  

Unbinned Likelihood 
function for k events in 

data 

 fs (x) e  fb(x) →  p.d.f. of signal and background for x observable

S  e B→  rate of tot events expected for signal and background

µ("signal strenght modifier") = #observed  events
#events expected  by SM

Statistical test variable 
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CLS µ( ) =
P qµ ≥ qµ

obs |µs θ̂µ
obs( )+ b θ̂µobs( )( )

P qµ ≥ qµ
obs | b θ̂0

obs( )( )

CLS≤α for μ=1 è the existence of Higgs is excluded at confidence level  (1-α)   

à Exclusion at 95%  confidence level means α=0.05 à µ

Exclusion and discovery 

Signicance for discovery: background ONLY hypothesis 

q0 = −2 ln
L data | 0,θ̂0( )
L data | µ̂,θ̂( )

con µ̂ ≥ 0 (qμ computed for μ=0 ) 

the significance of a signal is quantified by the p-value  

probability that the backgroud can 
fluctuate to give an excess of events equal 

or larger than what observed 
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Statistical treat. : exclusion limits 

Observed limit:  
95% CL exclusion in ranges 114.5-119 and 129–800 GeV 

ü  Test statistic: profile likelihood 
ratio  

ü  nuisance parameters included 
ü CLs method for exclusion limit 

2D pdf built (KD,m4l): 
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Statistical treat. : local significance 

Minimum observed p-value ≈ 6.8σ (6.7σ expected)   

p-value: probability that the 
background can fluctuate to give an 
excess of events equal or larger than 

what observed 

2D (KD,m4l) 
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The Higgs boson discovery: July 4 2012 
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Mass measurement 

The combined best-fit mass is  
 mX = 125.6  +0.5

- 0.4 (stat)  + 0.1 
- 0.4 (syst) GeV 

•  Event by Event mass 
error (EBE) included  
•  from muon track fit 

error matrix 
•  from electron 

momentum error 
 
•  3% of better significance 

by using the EBE 

•  10% improvement on 
error on mX 

3D pdf built (KD,m4l, EBE): 



N. De Filippis January 26-31, 2019 
 

23 

Statistical analysis: JCP 
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Higgs properties @ LHC Run 1 
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October 8 2013: Nobel prize 
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•  LHC has produced > 3 years of 13 TeV data 
with fantastic performance  
•  expected to result in >150 fb-1 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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Highlights for Higgs physics @ Run 2 

•  It is matter of 6 months (Aug. 28 2018) the 
announcement of the observation of Hàbb 

 
Precise measurements with: 
•  Hàγγ
•  HàZZ 
  
Evidence/observation of: 
•  Hà ττ
•  ttH 
•  … 
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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 last year 
Phys. Lett. B 780 (2018) 501 
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VH, Hàbb results at LHC 
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VH(Hàbb): analysis strategy 

34 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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VH(Hàbb): event selection (CMS) 
•  Jet/lepton pT selection and b-

tagging discriminator working points 
optimized separately by channel 
•  Boosted Vector Boson 

•  2-lepton: two pT categories  
•  Low: 50 GeV < pT(Z) < 150 GeV 
•  High: pT(Z) > 150 GeV  

•  1-lepton: pT(W) > 150 GeV  
•  0-lepton: pT(Z) > 170 GeV 

•  Control regions designed to map 
closely signal region, with inverted 
selections to enhance purity in 
targeted backgrounds 

•  Separate tt̅, V+light flavor jets, and 
V+heavy flavor jets control regions 
per channel 

used to validate the analysis strategy  

and di-boson, of course 

VZ background 
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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 



N. De Filippis January 26-31, 2019 
 

39 

VH(Hàbb): m(bb) 
•  Fit to the m(bb): lower sensitivity 

but direct visualization of the 
Higgs boson signal.  

•  The fitted m(bb) distributions 
are combined and weighted by 
S/(S + B) 
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VH(Hàbb): significance (ATLAS) 
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VH(Hàbb): Run 1 + Run 2 results (CMS) 
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Combination of Hàbb searches by CMS 
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Combination of Hàbb searches by ATLAS 
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Combination of VH searches by ATLAS 
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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 + Hàγγ: mass measurement 
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HàZZà4l + Hàγγ: signal strength 
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Hàτ+τ-
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Hàτ+τ-

•  Higgs boson in ττ decay mode is the most promising channel to 
explore the Higgs Yukawa coupling to fermions (decay rate to ττ is 
less than bb, but this channel has much less background) 

•  Analyzing Run1 data, in 4 production modes led to the first 
evidence of Higgs coupling to fermions 
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Hàτ+τ-

Combining 2016 data with Run1 à 5.9 σ 

CMS: Event categorization changed in Run2 
•  4 different final states (based on tau decays) 
•  3 main categories (mainly) based on the n. jet 
•  events split depending on tau decay modes/muon 

pT (in 0jet), pT of the Higgs boson(in boosted) and 
mass of the two forward jets(in VBF mode) 

The first observation of the Higgs coupling to tau leptons in a single experiment 
PLB 779 (2018) 283 
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ttH
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ttH
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ttH	observation	
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ttH

▶ 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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Double Higgs production 



N. De Filippis January 26-31, 2019 
 

61 

Double Higgs production 
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Conclusions – lecture 1

•  Highlights:  

•  CMS/ATLAS reached > 5σ observation of the Hàbb decays 

•  New mass measurement combining H→ZZ→4l and H→𝛄𝛄 in both 
Run1 and Run2 àtowards the measurement of differential 
distributions and crosssections 

•  First observation of tree-level Higgs–top coupling with ttH events 
(Run1 + Run2 data) 

•  The first observation of the Higgs coupling to tau leptons in a single 
experiment using 2016 and Run1 data  

 
Exiting Higgs Physics so far and in the future 
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Lecture 2



N. De Filippis January 26-31, 2019 
 

64 

2x1034	Hz/cm2				
300	fb-1	
PU	~50	 LS3	

5x1034	Hz/cm2				
3000	fb-1	
PU	~140	

LS1															

8x1033	Hz/cm2				
30	fb-1	
PU	~40	

Phase	1	Upgrade	
Phase	2	Upgrade	

ATLAS,	CMS	
Upgrade	plan	

LHC and HL-LHC 



N. De Filippis January 26-31, 2019 
 

65 

Phase II Detector Upgrades:  
Significant upgrades of ATLAS and CMS for HL-LHC conditions 
•  Radiation hardness 
•  Mitigate physics impact of high pileup 
 
Higgs@HL-LHC:  
•  Precision Measurements (Couplings, Cross Sections, Width, 

Differential Distributions,…)  
•  Rare decays and couplings 
•  BSM Higgs searches: extra scalars, BSM Higgs resonances, exotic 

decays, anomalous couplings 
•  VV scattering 
•  Di-Higgs production ➜ self coupling 

Phase II upgrades and Higgs @ HL-LHC 
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Ø  Similar expected sensitivities between the 
two experiments 

Ø  Precision larger than 5-10%

ECFA 16 

Higgs signal strength: µ=σ/σSM – 3000 fb-1 
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CMS Phase 2 upgrade 
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  

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? 
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Modeling the projections for HL-LHC: 
ECFA 16 Goal	to	keep	the	current	performance	with	the	detector	and	software	upgrades	

ATLAS: 		
Ø  	 parametrisation	of	the	detector	response	(FAST	SIMULATION)	to mimic the 

effects on selection efficiency and resolution, derived from:  
Ø  full	Run	2	detector	simulation	with	pile-up	up	to	〈µ〉	=	69		
Ø  full Phase II detector options for 〈µ〉 = 140, 200 for HL-LHC  	

Ø  			2	scenarios	for	uncertainties:		
Ø  systematics	based	on	Run	2,	improvements	from	stat.	
Ø  theory	systematics	scaled	by	1,	0.5	or	0	factor	
Ø  PU	and	detector	upgrades	taken	into	account	
	

CMS:	 	
Ø  rescaling	of	run	2	signal	and	background	yields	for	14	TeV	with	the	assumption	

that	current	detector	performance	kept	after	upgrades.	
Ø  2scenarios	for	uncertainties:	

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

Ø  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+) 

S
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m
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Higgs signal strength: µ=σ/σSM - 3000 
fb-1 

Ø  Similar expected sensitivities between the 
two experiments 

Ø  Precision larger than 5-10%

ECFA 16 
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Higgs signal strength: µ=σ/σSM - 3000 
fb-1 

Ø  Similar expected sensitivities between the 
two experiments 

Snowmass13 arXiv:1307.7135v2 
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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 
Ø  as nuisance parameters, according to the measurement 

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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Higgs couplings scale factors – 
3000 fb-1 

CMS:	uncertainties	on	Ki	limited	by	
theoretical	uncertainties	on	
production	and	decay	rates	
σ	(κV	)	≈	3-5%					σ	(κF		)	≈	5-10%		

Full	line:	Scenario	1	
Dotted	line:	Scenario	3	

arXiv:1307.7135v2 

Minimal coupling fit: Assump. : No extra BSM Higgs 
decays à absolute couplings can be 
extracted Snowmass13 

ATLAS: Couplings can be determined 
with 5 % precision at 3000 fb-1 
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Rare decays: Hàµµ
 

•  2 OS sign isolated muons, resonant peak at the Higgs mass, very clear 
signature 

•  BR(H→µµ)=0.022. Only visible at HL-LHC  
•  CMS projections from Run1:  16% precision on signal strength at 3000 fb-1 

•  With improved Phase2 detector:  
mass resolution <1%, uncertainty on H→µµ coupling <5% 
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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.
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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
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≠

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
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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
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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 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 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  
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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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Higgs studies for FCC-hh/SppS 
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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? 

1)  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 expect;

2) It has implications on the stability of the Vacuum;

3) It could make the Higgs boson a good inflation field
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HH PRODUCTION AND DECAY

box 
triangle 

λ

Standard Model 

0 0 0 0 0

4b
WWbb
ττbb

WWWW
ZZbb
γγbb
γγWW

Higgs decay branching fraction

NNLO with full top mass *NLO mt →∞ 
mh = 125.09 GeV σ(fb) scale unc. (%) PDF unc. (%) αs unc. 

√s = 7 TeV 7,71 +4.0/-5.7 ± 3.4 ± 2.8 
√s = 8 TeV 11,17 +4.1/- 5.7 ± 3.1 ± 2.6 
√s = 13 TeV 37,91 +4.3/-6.0 ± 2.1 ± 2.3 
√s = 14 TeV 45,00 +4.4-6.0 ± 2.1 ± 2.2 
√s = 33 TeV* 206,6 +15.1 - 12.5 +5.8/-5.0 
√s = 100 TeV 1748 +5.1/-6.5 ± 1.7 ± 2.0 
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CURRENT STATUS @LHC

√s [TeV] L (fb-1) σ(fb) 95% 
C.L. σ/σSM 95%C.L. 

ATLAS: 4b, bbττ, bbγγ, WWγγ WWWW 8 20,3 < 470  < 48 

ATLAS: 4b 13 13,3 < 1000 < 29 

CMS: 4b 13 2,32 < 11760 < 310 
ATLAS: WWγγ 13 13,3 < 12900 < 340 
ATLAS: bbγγ 13 3,2 < 5400 < 142 
CMS: bbττ 13 39,5 < 950 < 25 
CMS: WWbb 13 36 < 3270 < 86 

HL-LHC √s = 14 TeV, 
L = 3000 fb-1 Exp. sign λ/λSM 95% C.L. exp σ/σSM 

 ATLAS: bbγγ 1.05 σ  [-0.8, 7.7]  < 1.7 [recalc.] 

CMS: bbγγ 1.6 σ < 1.3 

ATLAS: 4b ? [0.2, 7.0]stat., [-3.5, 11] < 1.5stat. , 5.2 

CMS: 4b 0,67 < 2.9stat., 7 

ATLAS: bbττ 0.6 σ [-4, 12] < 4.3 
CMS: bbττ 0,39 <3.9stat., 5.2 

CMS: VVbb 0,45 < 4.6stat., 4.9 

Present best channel 4b, 
situation will change with higher 
statistics when syst. dominated 
channels will saturate their 
sensitivity. 
 
HL-LHC doesn’t seem able to 
provide a useful constraint on λ,
it could probably provide an 
observation of the whole process. 
 
But advanced analysis techniques 
can improve the results… 
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•  Main references 
•   Physics at a 100 TeV pp collider [arXiv:1606.09408] 
•   1st FCC-hh Physics Workshop - 16-20 January 2017 CERN 
•   FCC-hh physics analysis meetings 
•   FCC week 2017 @ Berlin 
•   studies performed with different level of details, in particular trigger,   
eff. simulation and pile-up studies need to be implemented in many of them,  
but first bulk of phys. potentiality ready. 

FCC STUDIES
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FCC studies: HH→bbγγ
 Selection: 

1.  2γ, 2 b-jet |η| < 4.5, pTsub > 35, pTlead > 60 GeV 
2.  |mγγ - mh| < 2.0 , 100 < mbb < 150 GeV 
3.  pTbb, pTγγ > 100 GeV, ΔRbb,  ΔRγγ < 3.5 

Signal LO samples, Pythia6 showering, no 
pile-up simulation 

 S/√B   23 [3 ab-1] 73 [30 ab-1]   

 Simulation:  

Δσ/σ = 1.6% [30 ab-1] Δλ/λ = 6% [2.5% sig. syst.] 

6T magnetic field 

Updates: 
4T magnetic field 
 Pythia8 showering 

Process Events 
hh→bbγγ 12300 
bbjγ 16700 

jjγγ 14272 

tth(γγ) 14213 

bbγγ 7078 

bjγγ 1873 

Total bkg. 66436 
2x Total background 

Δσ/σ = 2.1% [30 ab-1]  
Δλ/λ = 7% [2.5% sig. syst.] 

Shape analysis mjj, mγγ

Δσ/σ = 1.6%  
Δλ/λ = 4.2% [0% sig. 
syst.] 
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FCC studies: HH→bbbb

1.  R 0.4 jets pT > 40 GeV, |η| < 2.5 
2.  R 1.0 jets pT > 200 GeV, |η| < 2.0 
3.  R 0.3 jets ghost ass. to R 1.0 pT > 50 |η| < 2.5 

BoostedResolved
10 ab-1

Main background: multi-jet 4b 
Strategy: truth level study, resolved + 
boosted analysis (Neural Network used 
as signal discriminator) 

25% on σ with S/B ~4⋅10-3, 

ΔB/B ~  10-3 (very challenging) Sensitivity to λ from unboosted objects, λ 
diagram contributes mainly at low mhh 
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Current FCC studies in Italy

The Italian community started to 
work in 2016 on: 

•  WWbb, lnuqqbb  
•  ZZbb, 4lbb 

 

Between the final state from the HH decay: 
•  4b, WWbb are dominant 
•  γγbb, ZZbb are the cleanest  

Δσ/σ Δλ/λ 
γγbb 1.3% 2.5% 

4b 25% 
 (S/B ~2%) 200% 

ZZbb, 4l ~30% ~40% 

  L=30 ab-1 

•  We used a fast simulation 
tool (Delphes) 

•  Pileup simulation with 50, 
200, 900 events 
Last contributions to conferences: 
•  B. Di Micco, IFAE – Trieste – 

April 19-21 2017 
•  B. Di Micco, FCC Week – Berlin 

– May 29 – June 1 2017 
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What will we know by 2018/2019 ?
•  If new physics is found by the end of LHC Run2 

•  It will – hopefully – point to the best new accelerator to build 
•  Will in turn make it easier to get financial/political/societal support 

•  This hypothesis is, unfortunately, getting less and less likely 
 

•  Much greater challenge if no new physics is convincingly found 
•  Cannot continue indefinitely with R&D towards all possible future 

facilities 
•  A choice will have to be made in 2019-2020 

•  Physics absolutely need an e+e- EW factory with 90 < √s < 400 GeV 
•  Four e+e- collider studies on the planet  (ILC, CLIC, CEPC, FCC) in the 

energy range ! 
•  Exploration of the energy frontier best done with a hadron collider 

(e.g., FCC-hh/CppS) 

P. Janot (CERN) 



N. De Filippis January 26-31, 2019 
 

90 

Conclusions	
HL-LHC:	potential	for	new	physics	discoveries	and	precision	measurements:	

Ø  Higgs	couplings	modifiers	and	signal	strenghts	with	precision	between	5-15%	level	
Ø  Measurement	on	mass,	width,	CP	properties	
Ø  Search	for	additional	bosons,	dark	matter,	rare	decays,	VV	scattering	
Ø  Similar	conclusions	 from	ATLAS	and	CMS	projections	 in	 spite	of	 the	differences	 in	

the	assumptions	and	detector	upgrades	

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 
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4l/γγ CMS ATLAS 

Measured mass 125.03 +0.26
-0.27(stat) +0.13

-0.15(syst) GeV 125.36+-0.37(stat)+-0.18(syst) GeV 

Syst. Uncert. Electron e/p-scale ≈ 0.1-0.3% Electron e/p-scale ≈ 0.2-0.4% 

Muon p-scale  ≈ 0.1% Muon p-scale ≈ 0.1-0.2% 
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The LHC/Higgs era at Run 1 
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Hàbb : 
CMS has 3.8σ evidence (3.8σ expected) for 
Higgs boson decays to b-quarks and for its 
production in association with a vector boson à 
HIG-16-044, arXiv:1709.07497 

Hà ττ :
Observation of the SM scalar boson 
decaying to a pair of τ leptons with the CMS 
experiment at the LHC (4.9σ vs 4.7σ 
expected) à HIG-16-043 

ttHàZZ,WW,ττ à	multi-
leptons: evidence observed 
(expected) significance of 
3.3σ (2.5σ), by the 
combination of the 2016 
results with 2015 à 
HIG-17-004 
* Similar results from 
ATLAS 

The LHC/Higgs era at Run 2 
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Hàbb
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VH(Hàbb): improvement wrt 2016 
CMS 
 
•  Extensive use of deep neural network 

(DNN)  
•  To identify b-jet candidates 
•  To regress the energy of 

reconstructed b-jet 
•  To discriminate among the 

background components in some 
Vector boson + heavy flavor jets 
control regions 

•  To discriminate signal from 
background 

•  Kinematic fit in 2-lepton channel 
•  FSR jet recovery 
•  New Pythia8 Underlying Event Tune 

•  Improved mass resolution (~10%) 
leads to 10% increase of the analysis 
sensitivity 
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Systematic uncertainties 
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Ø  Mass measured to 0.2% 
Ø  Main couplings to ~10% 

HIG-16-041 HIG-16-040 

Ø  Re-discovery of the Higgs 
Ø  measur. Higgs properties 

Ø  cross section (also differential) 
Ø  mass & width 
Ø  couplings: 

Ø  to gauge bosons, to fermions  
Ø  tensor structure and effective couplings in the 

lagrangian 
Ø  ttH couplings 

Ø  Searches for BSM Higgs 

The LHC/Higgs era at Run 2 
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HàZZà4l: cross section 


