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• In 1961, S. Glashow discovered a way to combine electromagnetic  and 
weak interactions. In this way, the two forces were unified, and  we speak 
of electroweak interactions.

• In 1964, the Higgs mechanism wasdeveloped, by Robert Brout,  
Francois Englert, Peter Higgs,  Gerald Guralnik, Carl Hagenand Tom Kibble. 
This wasa way to  incorporate mass into a theory with  gauge
symmetry.

Kibble, Hagen, 
Guralnik, Englert, 
Brout

P. Higgs

The “Standard Model” of particle physics

• In 1967, Steven Weinberg and 
Abdus Salam  incorporated the Higgs
mechanism into the  electroweak
theory. The resulting model is called
the Glashow-Weinberg-Salam 
(GWS) model.

• We define the Standard Model as
the combination of the GWS  theory
(which includes quantum 
electrodynamics) with QCD.
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Standard Model of elementary particles
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Timeline of the discoveries 
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The beginning of the Higgs boson story
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Seminal papers
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The Higgs boson
• Problem: give mass to gauge files W+, W- and Z
• Explicit mass terms in the Lagrangian break the gauge invariance

• Solution: Higgs mechanism 
• Higgs pointed out a massive scalar boson

• “… an essential feature of [this] type of theory … is the 
prediction of incomplete multiplets of vector and scalar bosons”

• Englert, Brout, Guralnik, Hagen & Kibble did not comment on 
its existence

• Discussed in detail by Higgs in 1964 paper
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The Higgs mechanism

circle of degenerate minima 
à choice of the minimum gives spontaneous simmetry
breaking:
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mf/v m2     /v

m2 /v l=m2 /v2

W,Z

H H

All couplings predicted

From Gauge Invariance :

mZ = mW/cosJW ;                  mW = gv/2;                   (® v ~ 250 GeV).
vacuum expectation value

and from the Higgs Mechanism …                         

Masses and couplings
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Dominant at LEP: The Higgs-strahlung process
(The production cross section depends only on mH)

LEP 1:   Ös ~ mZ LEP 2:   Ös ³ mZ + mH

(Large coupling to the Z Þ Only sizeable cross section)

SM Higgs production at LEP
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q mH < 2me:  H ® gg + large lifetime;

q mH < 2mµ:  H ® e+e- dominates;
q mH < 2mp:  H ® µ+µ- dominates;
q mH < 3 - 4 GeV:  H ® gg dominates;

q mH < 2mb:  H ® t+t- and cc dominate;-

q mH > 2mb up to 1000 GeV/c2: H ® bb

The decay branching ratios depend only on mH:

p0p0, p+p-, KK,
hh, … etc

SM Higgs decay at LEP
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First Candidate Event 
(14-Jun-2000, 206.7 GeV)

• Mass 114.3 GeV/c2;
• Good HZ fit;
• Poor WW and ZZ fits;
• P(Background) : 2%
• s/b(115) = 4.7

The purest candidate event ever!

b-tagging
(0 = light quarks, 1 = b quarks)

• Higgs jets: 0.99 and 0.99;
• Z jets: 0.14 and 0.01.

e+e- ® bbqq
_ _

Missing
Momentum

High pT muon

First pb-1’s above 206 GeV, first thrills at 115 GeV/c2
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Higgs results at LEP...
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SM Higgs production at Tevatron
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Higgs results at Tevatron
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Circumference (km) 26.7

Number of superconducting Dipoles 1232

Length of Dipole (m) 14.3

Dipole Field Strength (Tesla) 8.4

Operating Temperature (K) 1.9

Current in dipole sc coils (A) 13000

Beam Intensity (A) 0.5

Beam Stored Energy (MJoules) 362

Number of particles per bunch 1.15x1011

Number of bunches per beam 2808

Crossing angle (µrad) 285

Bunch length (cm) 7.55

Norm transverse emittance (µm rad) 3.75

Beta function at IP 1,2,5,8 (m) 0.55,10,0.55,10

First Collisions at 3.5TeV/beam

The LHC machine
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LHC : 27 km long
100m underground

General Purpose,

pp, heavy ions

CMS

ATLAS

Heavy ions, pp

ALICE

pp, B-Physics,
CP Violation
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CMS in a nutshell
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ATLAS in a nutshell
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March 2010: 
Collisions at 7 TeV.
LHC delivered:
44.22 pb-1
CMS recorded:
40.56 pb-

The first Zàµµ
Candidate

First collisions at 7 TeV
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Shows strength of 
accelerator and 

experiment 

2010: “Rediscover” the SM
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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, ETmiss

Total cross-section = 56 pb at 13 TeV



N. De Filippis February 22 2022, UCLouvain University 23

Higgs decay channels

At mH =125 GeV:

• H(bb)    = 57.8%
• H(WW) = 21.4%
• H(gg)    = 8.19%
• H(tt)     = 6.27%
• H(ZZ)   = 2.62%

At mH =125 GeV:

• H(cc)    = 2.89%
• H(gg)     = 0.23%
• H(Zg)    = 0.15 %
• H(µµ)    = 0.02%
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Signatures: 4e, 4mu and 2e2mu 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 and tt+jets, Z+jets, 

WZ+jets

Sensitivity:  115 < mH < 600 GeV

Selection strategy:
triggering on double leptons
Particle Flow algorithm to build physics objects
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-

126

Sm
all branching ratioσ 

(p
p→
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→

ZZ
( *)
→

4l
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HàZZà4l in a nutshell
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Background:
• irreducible :  ggà𝛾𝛾,  qqbar, qgàg𝛾 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 form outgoing quarks

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

Hà𝛾𝛾 in a nutshell
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CMS able to exclude the existence of Higgs in the mass range 
149-206 GeV and 300-440 GeV

EPS in July 2011 at Grenoble
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A candidate 
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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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Excess at 
m4l≈126 GeV 
with a p-value 
of  3.2s

Evidence of a new state
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H ègg
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July 4: seminar at CERN
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A new boson discovery: 4th of July 2012



N. De Filippis February 22 2022, UCLouvain University 35

4th of July fireworks
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Full 7+8 TeV data: HàZZà4l analysis
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Full 7+8 TeV data: Hà𝛾𝛾 analysis



N. De Filippis February 22 2022, UCLouvain University 38

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 be<er significance
• 10% improvement on error on mX

Mass measurement
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CP analysis
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October 8, 2013: Nobel Prize
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October 8, 2013: Nobel Prize
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Consolidated the SM: 
Ø Immense set of measurements at 7-8 TeV

Ø Precision measurements in EW and QCD
Ø Rare processes, sensitive to new Physics, like Bsàμμ

NO evidence of any new physics

Completed the SM: Higgs boson
discovery

Ø ≥ 5 σ from each of Hàγγ and Hà4l per 
experiment

Ø ≈3 σ from Hà𝜏𝜏 per experiment and 
Ø ≈2 σ from W/ZH, Hàbb for CMS
Ø separation 0+/2+ and pure 0+/0- at > 3σ level
Ø some couplings measured with precision of 20-

30 %
4 July 2014 – ICHEP

Happy Birthday Higgs 
Boson

Physics remarks at Run 1
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Ø SM Higgs is light, so the gluon 
fusion cross section doesn’t get 
that much boost (x2, 19.1 → 43.6 
pb)

Ø Background cross sections
increase too

SM Higgs

LHC Higgs XsecRon WG

8 TeVà 13 TeV: what did it change?
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s [pb]  at mH=125.5 GeV 8 TeV 13 TeV Ratio

ggF 19.1 43.62 2.6
VBF 1.6 3.727 2.6
WH 0.7 1.362 2.1
ZH 0.4 0.8594 2.1

ttH 0.1 0.5027 4.7

Uncertainty on 𝜎(13TeV) 
from theory:
@ NNLO/NNLL QCD + NLO EWK

ggF:  8% scale and 7% PDF
VBF: 0.6% scale and 1.7% PDF

Uncertainty on BRs: 3-5%

It’s very important to repeat the discovery of
SM Higgs at 13 TeV as a part of physics
commissioning
Ø an important exception: ttH production,

which gets a boost by a factor of 4 (0.13 →
0.50 pb)
Ø could potentially see it for the first time

during Run 2 @13 TeV
Ø But, this is a challenging analysis because of

background increase

SM Higgs production: 8 TeV vs 13 TeV
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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 si and the partial decay widths Gi
scale with K2i 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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• LHC has produced > 3 years of 13 TeV data 
with stunning 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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Ø Mass measured to 0.2%
Ø Main couplings to ~10%

Eur. Phys. J. C 81, 488  Phys. Lett. B 805 (2020)135425

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 HH production and BSM Higgs

The LHC/Higgs era at Run 2
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The LHC/Higgs era at Run 2
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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 of searches
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• Needs:

• H(bb) compared with discovery channel

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

Z+bb̄

W+bb̄

tt ̅

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 (m/e), jet mass, 
pT wrt to lepton axis, energy fractions in 
DR rings 

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

ATLAS
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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): Run 1 + Run 2 results (CMS)
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Hàcc
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VHàcc (Full Run2) - ATLAS ATLAS-CONF-2021-021

Study of the coupling of the Higgs to the 
c-quark challenging: 
• BRSM~2.9×10-2 (20x smaller than Hàbb)
• QCD di-jet large background 
• c-jets have broader jet energy resolution

• can have larger fraction of jet energy
in neutrinos

• low Higgs mass resolution
• Large systematics limit the analysis

Charm tagging is a very difficult task:
• 𝑐-jets similar to 𝑏-jets and 
𝑢𝑑𝑠𝑔-jets

• similarities due to properties of 
the intermediate mesons
created during hadronizations

VH production mode:
• can use leptonic 𝑍 and 

𝑊decays to trigger events
• presence of leptons

suppresses QCD to negligible
levels
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VHàcc (Full Run2) - ATLAS
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VHàcc (Full Run2) - ATLAS
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VHàcc (Full Run2) - ATLAS
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VHàcc (Full Run2) - ATLAS
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VHàcc (Full Run2) - ATLAS
VH,  Hàcc/bb combination
• the signal regions of the two analyses are entirely orthogonal
• a combined analysis allows correlations in the signal strength coupling

parameterisations (via GH and  sVH) between the two processes to be exploited
• such a combination has the power to derive more comprehensive and less
model-dependent constraints on the Hcc and Hbb couplings
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VHàcc (Full Run2) - ATLAS
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Hàµµ



N. De Filippis February 22 2022, UCLouvain University 65

Hà𝜇𝜇 (Full run 2) - CMS
Hà𝜇𝜇 : very challenging to hunt at the LHC

• Very small BR: 2.2x10-4 + large Drell-Yan and leptonic tt+jets backgrounds
• It can rely on the excellent CMS muon energy resolution: 𝜎(Zà𝜇𝜇)~1.1%-1.9%
• Search for a narrow peak over a falling background in m𝜇𝜇 distribution

Analysis strategy designed to cope with all
production modes.

JHEP01 (2021)148
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Hà𝜇𝜇 (Full run 2) - CMS
Systematics:
• mismodelling of the signal shape or rate

• calibration of µ momentum scale and resolution
propagated to the shape of the signal mmm
distribution à variations of up to 0.1% in the 
peak position and up to 10% in width

• electron and muon selection efficiencies (0.5–
1.5% per category)

• µ momentum scale and resolution (0.1–0.8% per 
category)

• jet energy scale and resolution (2–6% per 
category)

• efficiency of identifying b quark jets (1–3% per 
category) 

• theoretical uncertainties on Higgs boson
production cross sections, decay rate, and 
acceptance
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Hà𝜇𝜇 (Full run 2) - CMS
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Hà𝜇𝜇 (Full run 2) - CMS

• Best fit value for kμ is 1.07
• observed 68% CL interval is 0.85 < kμ < 1.29



N. De Filippis February 22 2022, UCLouvain University 69

HH 
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SM Higgs potential and self-couplings

Out of reach
even for HL-LHC

Known 𝑚H (∼125 GeV), SM 
predicts 𝜆 = 𝑚H2/ 2v2 (∼0.13)
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SM HH production at the LHC
• ggF HH: dominant, larger 

initial state radiation from 
gluons

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

• VHH: vector boson (lv, ll’, 
qq’)

• ttHH: many b-jets, 
leptons, ET

miss

𝝈𝑯𝑯 and kinematics depend on kλ, k2V, kt, kV couplings (and existence of new 
resonances)

in fb

10.1016/j.revip.2020.100045
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HH cross section as a function of kl
• kl = -10 leads to the largest total s(ggF) in the table.

• dip in the mHH spectrum around kl = 2.4, because of 
maximal destructive interference between diagrams
containing the trilinear coupling (triangle-type contr.) and 
“background “ diagrams (box-type contr.).

s(ggF) @ NNLO
The HH production allows to search for new physics i.e. kl ≠ 1

• at large |kl|: softer mHH spectrum and large cross section

• at medium |kl|: hard mHH spectrum à boosted signatures

• s(VBF) has a minimum at around kl ≈ 1.65
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VBF HH cross section as a function of kl

3 couplings for the VBF production: 
§ the Higgs self-coupling (HHH) probed also via the ggF mode
§ the Higgs-vector-boson coupling (VVH) constrained by Higgs boson

measurements
§ the quartic coupling between two vector bosons and two Higgs bosons

(VVHH)
§ the VBF HH mode provides a unique handle to probe the quartic

VVHH coupling
§ k2V defined to parametrize the strength of these couplings w.r.t. their

SM values (k2V =1 in the SM)
§ If the VVhh coupling deviates from the SM (k2V ≠ 1), the cross section

can be enhanced
§ In BSM scenarios with modified couplings (k2V ≠ 1, kV ≠ 1), a 

significant fraction of signal becomes boosted, i.e. with decay
products merged into large-R jets (arXiv:1611.03860)
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HH decay channels
At mH =125 GeV:

• H(bb)    = 57.8%
• H(WW) = 21.4%
• H(gg)    = 8.19%
• H(tt)     = 6.27%
• H(ZZ)   = 2.62%

At mH =125 GeV:

• H(cc)    = 2.89%
• H(gg)     = 0.23%
• H(Zg)    = 0.15 %
• H(µµ)    = 0.02%

Most sensitive channels:

• 𝑯𝑯 → bb 𝜸𝜸
• 𝑯𝑯 → bb 𝝉𝝉
• 𝑯𝑯 → bbbb

Most final states rely on bb reconstruction



N. De Filippis February 22 2022, UCLouvain University 75

CMS: HHàbbbb (resolved)
CMS PAS HIG-20-005

http://cds.cern.ch/record/2771912?ln=en
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CMS: HHàbbbb (resolved)

Floating ggF+VBF signal strength Floating VBF and fixing ggF to SM
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CMS: HHàbbbb (VBF boosted)
Analysis strategy
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CMS: HHàbbbb (VBF boosted)
Jet classification CMS-DP-2020-002

https://cds.cern.ch/record/2707946?ln=it
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CMS: HHàbbbb (VBF boosted)
Post-fit HH invariant mass and exclusion limits
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Assuming that all other Higgs boson
couplings are equal 1, i.e. equal to their
SM values, the observed (expected) limit
excludes all coupling values outside the 
range 0.6 < κ2V < 1.4 (0.6 < κ2V < 1.4) at
95% CL, which is the strongest
constraint on κ2V achieved so far. 
A hypothesis of vanishing κ2V coupling, 
namely κ2V=0 with other couplings equal to 
1, is excluded at a CL higher than
99.99%."
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ATLAS: HHàbbgg
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ATLAS: HHàbbgg
ATLAS-CONF-2021-016
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ATLAS: HHàbbgg
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ATLAS: HHàbbgg
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CMS: HHàbbgg
CMS PAS HIG-19-018
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CMS: HHàbbgg
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ATLAS: HHàbbtt
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ATLAS: HHàbbtt
ATLAS-CONF-2021-030
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ATLAS: HHàbbtt

ATLAS-CONF-2021-030
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HH current public results by ATLAS

The observed (expected) combined upper limit
is found to be 3.1 (3.1) times the SM prediction.

bbgg: a factor 4 improvement
w.r.t previous result
JHEP(2018)040 due to
improved luminosity, b-jet 
reconstruction and analysis
optimizations

bbtt: a factor 4 improvement w.r.t
previous result to 36fb-1
(PRL 121(2018)191801):
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HH current public results by ATLAS
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HH current public results by CMS
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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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Almost 10 years from the Higgs discovery
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CMS at the end of Long Shutdown 2 (LS2)

Ready for the Run3



N. De Filippis February 22 2022, UCLouvain University 95

Luminosity

LHC and HL-LHC schedule
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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
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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 (Hàµµ)

• 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 à 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
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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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Higgs boson cross section
Projections for:
• HàZZà4l (ggH, VBF, VH, ttH)     
• HàWWà2l2n (ggH, VBF, VH) 
• Hàgg (ggH, VBF, VH, ttH)             
• Hàtt (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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• 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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Prospects for HH measurements
Search of Higgs boson pair (HH) production and the measurement of the Higgs 
boson self-coupling (lHHH)
Decay channels: HHà bbbb, bbtt, bbWW(àllnn), bbgg (most sensitive), bbZZ(à4l) 

Measurement of the kl=lHHH /lSMHHH
in the range [0.4, 1.9] at the 68% CL
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HH: CMS and ATLAS combined
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Is the Higgs mechanism to 
generate weak boson and 
fermions masses real ?

How to solve the problem of 
the hierarchy between the 
EWK scale and the GUT or 
Planck scale ?

Are the electroweak and 
strong forces unified at some 
GUT scale

Is the SUSY realized in 
nature ? Do the SUSY particles 
exist ? Can they explain the 
dark matter ?

Do extra dimensions exist?

….etc..
Future colliders can provide some answers

N
ew

 P
hy
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cs

!

Is the SM enough ? Open questions
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Future colliders: ILC, CLIC, FCC-ee/hh,CepC/SppC
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The FCC project at CERN
Ø Build a new 100 km tunnel in the Geneva 

region

Ø Ultimate goal: highest energy reach in pp
collisions: 100 TeV

Ø need time to develop the technology to 
get there

Ø First step: extreme precision circular e+e-
collider (FCC-ee) 

Ø variable collision energy from 90-360 GeV
(beyond top threshold) 

Ø As for the LEP+LHC, one tunnel for two
complementary machines covering the 
largest phase space in the high energy
frontier
Ø a complete physics program for the 

next 50 years
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Machine luminosity for physics at e+e- colliders

Z WW

ZH

t𝒕̅

FCCee

CLIC

CEPC

ILC TDR

ILC upgrade

~100 kHz of physics 
data at the Z pole

Ø Higgs factory:
§ 106 e+e- → HZ

Ø EW & Top factory:
§ 3x1012 e+e- → Z
§ 108 e+e- → W+W-

§ 106 e+e- → tt
Ø Flavor factory:

• 5x1012 e+e- → bb, cc 
• 1011 e+e- → 𝛕+𝛕-

109
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Timeline of the FCC project
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Timeline of the FCC project
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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
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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 s(e+e- → HZ)
• Deduce gHZZ coupling
• Infer G(H→ZZ)
• Select events with H→ZZ*

• Measure s(e+e- → HZ, with H→ZZ*)

• Deduce the total Higgs boson width GH

• Select events with H → bb, cc, gg, WW, tt, gg, µµ, Zg, …
• Deduce gHbb , gHcc , gHgg , gHWW , gHtt , gHgg , gHµµ , gHZg , ...
• Select events with H → “nothing” 
• Deduce G(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 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 s(ZH) by 
combining ee,µµ and qq channels

Ø g(HZZ) can be extracted from s(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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FCC documentation
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Summary/Conclusions

The story about the Higgs searches and the discovery of it has been
exciting

Run 1 and 2 at LHC produced wonderful results and
show good agreement with SM predictions

Searches for double Higgs will shed light on the shape of the Higgs
potential through the triple-Higgs self coupling

HL-LHC: potential for new physics discoveries and precision
measurements à FCC is the new future of HEP

An exciting journey is anyway ahead!
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