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The Higgs Boson Discovery at LHC
Predicted in 1964, discovered in 2012! 48 year hunting!

An effort by thousands of 
scientists and engineers 
from all over the world
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First observations of a new particle 
in the search for the Standard 
Model Higgs boson at the LHC  

ATLAS & CMS Observation 2013 Nobel Prize

François Englert and Peter Higgs

Huge impact to humanity

Technology
Cultural

International Collaboration
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How did we get there
and

what are we doing now?
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LHC ring: 
27 km circumference

CERN

Large Hadron Collider 
proton-proton collisions 

Center of mass energy: 7-8-14 TeV
Lake Geneva

Airport

CMS

General Purpose

ATLAS 

General Purpose

LHCb

B-physics

ALICE

Heavy ion physics

SPS ring



Depth ~ 50-175 m

ATLAS

ALICE

CMS

LHCb

hydrogen 
bottle

LINAC 
0.31c 

50 MeV

Booster 
0.916c 

1.4 GeV

PS 
0.9993c 

25 GeV

SPS 
0.999998c 

450 GeV

LHC 
0.999999991c 

7 TeV

The LHC accelerator complex



LHC Experiments: General Purpose Detectors
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- 25 m diameter and 44 m length 
- Over 7000 tons 
- O(100) million readout channels

- 15 m diameter and 21 m length 
- 14000 tons 
- O(75) million readout channels

ATLAS CMS



LHC Experiments: Specialized Detectors
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Other even more specialized experiments
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Look into the pp collisions...
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Parton Distribution Functions (PDF)
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valence 

sea

valence  

sea

• PDFs give the probability to find a parton with a momentum fraction of x 
• PDFs are not calculable, but measured in experiments

• In a proton, quarks heavier than u,v are only available in the sea



Hadronic Collisions Phenomenology
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Hard scattering  
Perturbative regime (with large QCD 
corrections), with « next-to 
Revolution » : 

- NLO (now mostly automated)

- NNLO (state-of-the-art that has 

become standard)

- N3LO possible (with large impact 

on Higgs results 
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pp Collision phenomenology in a nutshell
34

αs - strong coupling

Hard scattering 
Perturbative regime (with large QCD corrections): 
- NLO (now mostly automated) 
- NNLO (state-of-the-art that has become standard) 
- N3LO possible (with large impact on Higgs results)

Truth-level event
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PDFs

Hard scattering  
Perturbative regime (with large QCD 
corrections), with « next-to 
Revolution » : 

- NLO (now mostly automated)

- NNLO (state-of-the-art that has 

become standard)

- N3LO possible (with large impact 

on Higgs results 


PDF  
Proton structure - non 
perturbative regime, from 
cross section measurements 
and DGLAP evolution.

pp Collision phenomenology in a nutshell
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parton distribution functions parton x-sectotal x-sec

Hard scattering 
Perturbative regime (with large QCD corrections): 
- NLO (now mostly automated) 
- NNLO (state-of-the-art that has become standard) 
- N3LO possible (with large impact on Higgs results)

Parton Distribution Functions

Truth-level event



IS showering

FS showering

Hard scattering  
Perturbative regime (with large QCD 
corrections), with « next-to 
Revolution » : 

- NLO (now mostly automated)

- NNLO (state-of-the-art that has 

become standard)

- N3LO possible (with large impact 

on Higgs results 


PDF  
Proton structure - non 
perturbative regime, from 
cross section measurements 
and DGLAP evolution.

Parton shower 
QCD radiation showers not 
calculable exactly - Approximated in 
the soft and collinear regime.
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Hard scattering 
Perturbative regime (with large QCD corrections): 
- NLO (now mostly automated) 
- NNLO (state-of-the-art that has become standard) 
- N3LO possible (with large impact on Higgs results)

Parton Distribution Functions

Parton shower 
QCD radiation showers not calculable 
exactly - Approximated in the soft and 
collinear regime — Pythia/Herwig MC

Truth-level event



Hard scattering  
Perturbative regime (with large QCD 
corrections), with « next-to 
Revolution » : 

- NLO (now mostly automated)

- NNLO (state-of-the-art that has 

become standard)

- N3LO possible (with large impact 

on Higgs results 


PDF  
Proton structure - non 
perturbative regime, from 
cross section measurements 
and DGLAP evolution.

Multi Parton Interactions 
Additional interactions between 
partons of same protons.


Parton shower 
QCD radiation showers not 
calculable exactly - Approximated in 
the soft and collinear regime.
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Parton Distribution Functions

Parton shower 
QCD radiation showers not calculable 
exactly - Approximated in the soft and 
collinear regime — Pythia/Herwig MC

Multiple parton interactions 
Additional interactions between 
partons of the same protons

Hard scattering 
Perturbative regime (with large QCD corrections): 
- NLO (now mostly automated) 
- NNLO (state-of-the-art that has become standard) 
- N3LO possible (with large impact on Higgs results)

Truth-level event



Hard scattering  
Perturbative regime (with large QCD 
corrections), with « next-to 
Revolution » : 

- NLO (now mostly automated)

- NNLO (state-of-the-art that has 

become standard)

- N3LO possible (with large impact 

on Higgs results 


PDF  
Proton structure - non 
perturbative regime, from 
cross section measurements 
and DGLAP evolution.

Parton shower 
QCD radiation showers not 
calculable exactly - Approximated in 
the soft and collinear regime.


Multi Parton Interactions 
Additional interactions between 
partons of same protons.


Hadronization 
String (PYTHIA) or Cluster 
(Herwig - Sherpa) models.
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Hadronization 
Pythia, Herwig, Sherpa MC

Hard scattering 
Perturbative regime (with large QCD corrections): 
- NLO (now mostly automated) 
- NNLO (state-of-the-art that has become standard) 
- N3LO possible (with large impact on Higgs results)

Picture by Frank Krauss

Parton shower 
QCD radiation showers not calculable 
exactly - Approximated in the soft and 
collinear regime — Pythia/Herwig MC

Parton Distribution Functions

Multiple parton interactions 
Additional interactions between 
partons of the same protons

Truth-level event



Hard scattering  
Perturbative regime (with large QCD 
corrections), with « next-to 
Revolution » : 

- NLO (now mostly automated)

- NNLO (state-of-the-art that has 

become standard)

- N3LO possible (with large impact 

on Higgs results 


PDF  
Proton structure - non 
perturbative regime, from 
cross section measurements 
and DGLAP evolution.

Parton shower 
QCD radiation showers not 
calculable exactly - Approximated in 
the soft and collinear regime.


Multi Parton Interactions 
Additional interactions between 
partons of same protons.


Hadronization 
String (PYTHIA) or Cluster 
(Herwig - Sherpa) models.
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Parton Distribution Functions

Hadronization 
Pythia, Herwig, Sherpa MC

Hard scattering 
Perturbative regime (with large QCD corrections): 
- NLO (now mostly automated) 
- NNLO (state-of-the-art that has become standard) 
- N3LO possible (with large impact on Higgs results)

Picture by Frank Krauss

Parton shower 
QCD radiation showers not calculable 
exactly - Approximated in the soft and 
collinear regime — Pythia/Herwig MC

Multiple parton interactions 
Additional interactions between 
partons of the same protons

Next 
- Hadron decays 
- Additional collisions from 

other protons (pile-up)

Truth-level event

Reconstruction



Luminosity

17

Number of protons 

per bunch

Number  
of bunches

Number  
of turns  

per second

Beam size at  
interaction point (IP)

Number of collisions that can be produced in 
a detector per cm2 and per second

~20-25 μm
radius

1.2 × 1011
1400 

11245



High-Luminosity LHC Plan
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We are here!
moving towards this target

CEPC startup?

LHC

HL-LHC goal is deliver 3000 fb-1 in 10 years
• Implies integrated luminosity of 250-300 fb-1 per year
• Requires peak luminosities of 5-7x1034 cm-2s-1 while using luminosity 

leveling (3-5 hours at peak luminosity) 
Design for “ultimate” performance 7.5x1034 cm-2s-1 and 4000 fb-1 



Hadron collisions - Luminosity
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Fiducial volume and acceptance
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Generated 
phase-space

Fiducial

Reconstructed 
passing selection

3

The Monte Carlo simulation is also corrected with re-
spect to the data in the lepton reconstruction and identi-
fication e�ciencies as well as in the energy (momentum)
scale and resolution.

Table I summarises the information on the simulated
event samples used for the measurement, including the
cross sections used for normalisation. The W and Z sam-
ples are normalised to the NNLO cross sections from the
FEWZ program [20, 51]. The uncertainties on those cross
sections arise from the choice of PDF, from factorisation
and renormalisation scale dependence and from the ↵s

uncertainty. An uncertainty of (+7,�10)% is taken for
the tt̄ cross section [52–54].

D. Analysis Procedure

The integrated and di↵erential W and Z production
cross sections are measured in the fiducial volume of the
ATLAS detector using the equation

�fid =
N �B

CW/Z · Lint
, (1)

where N is the number of candidate events observed in
data, B the number of background events, determined
using data and simulation, and Lint the integrated lu-
minosity corresponding to the run selections and trigger
employed. The correction by the e�ciency factor CW/Z

determines the cross sections �fid within the fiducial re-
gions of the measurement. These regions are defined as

W ! e⌫ : pT,e > 20 GeV , |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

pT,⌫ > 25 GeV , mT > 40 GeV ;

W ! µ⌫ : pT,µ > 20 GeV , |⌘µ| < 2.4 ,

pT,⌫ > 25 GeV , mT > 40 GeV ;

Z ! ee : pT,e > 20 GeV , both |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

66 < mee < 116GeV ;

Forward Z ! ee : pT,e > 20 GeV , one |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

other 2.5 < |⌘e| < 4.9 ,

66 < mee < 116GeV ;

Z ! µµ : pT,µ > 20 GeV , both |⌘µ| < 2.4 ,

66 < mµµ < 116GeV .
For the W channels the transverse mass, mT , is de-

fined as mT =
p
2pT,`pT,⌫ · (1� cos��`,⌫), where ��`,⌫

is the azimuthal separation between the directions of the
charged lepton and the neutrino.

The main analysis, used to determine the integrated
cross sections, is performed for the W and Z electron and
muon decay channels for leptons in the central region of
the detector of |⌘e| < 2.47 and |⌘µ| < 2.4, respectively.
A complementary analysis of the Z ! ee channel is used

in addition to measure the di↵erential cross section at
larger rapidity. Here the allowed pseudorapidity range is
chosen from |⌘e| = 2.5 to 4.9 for one of the electrons.
The di↵erential cross sections are measured, as a func-

tion of the absolute values of the W decay lepton pseu-
dorapidity and Z boson rapidity, in bins with boundaries
at
⌘` = [ 0.00 , 0.21 , 0.42 , 0.63 , 0.84 , 1.05 , 1.37 , 1.52 ,

1.74 , 1.95 , 2.18 , 2.47 (e) or 2.40 (µ) ] ;

yZ = [ 0.0 , 0.4 , 0.8 , 1.2 , 1.6 , 2.0 , 2.4 , 2.8 , 3.6 ] ,
where the notation for absolute ⌘ and y is omitted.
The combined e�ciency factor CW/Z is calculated from

simulation and corrected for di↵erences in reconstruction,
identification and trigger e�ciencies between data and
simulation (see Sec. IV). Where possible, e�ciencies in
data and MC are derived from Z ! `` and, in the case
of the electron channel, W ! e⌫ events [36, 55]. The
e�ciency estimation is performed by triggering and se-
lecting such events with good purity using only one of
the two leptons in the Z ! `` case and a significant
missing transverse energy in the W ! e⌫ case, a proce-
dure often referred to as “tagging”. Then the other very
loosely identified lepton can be used as a probe to es-
timate various e�ciencies after appropriate background
subtraction. The method is therefore often referred to as
the “tag-and-probe” method.
The total integrated cross sections are measured using

the equation

�tot = �W/Z ⇥BR(W/Z ! `⌫/``) =
�fid

AW/Z
, (2)

where the acceptance AW/Z is used to extrapolate the
cross section measured in the fiducial volume, �fid, to the
full kinematic region. The acceptance is derived from
MC, and the uncertainties on the simulation modeling
and on parton distribution functions constitute an ad-
ditional uncertainty on the total cross section measure-
ment. The total and fiducial cross sections are corrected
for QED radiation e↵ects in the final state.
The correction factors CW/Z and AW/Z are obtained

as follows

CW/Z =
NMC,rec

NMC,gen,cut
and AW/Z =

NMC,gen,cut

NMC,gen,all
, (3)

where NMC,rec are sums of weights of events after simula-
tion, reconstruction and selection, NMC,gen,cut are taken
at generator level after fiducial cuts and NMC,gen,all are
the sum of weights of all generated MC events (for the
Z/�⇤ channels within 66 < m`` < 116GeV).

For the measurement of charge-separated W± cross
sections, the CW factor is suitably modified to incorpo-
rate a correction for event migration between the W+

and W� samples as

CW+ =
NMC,rec+

NMC,gen+,cut
and CW� =

NMC,rec�
NMC,gen�,cut

, (4)
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The Monte Carlo simulation is also corrected with re-
spect to the data in the lepton reconstruction and identi-
fication e�ciencies as well as in the energy (momentum)
scale and resolution.

Table I summarises the information on the simulated
event samples used for the measurement, including the
cross sections used for normalisation. The W and Z sam-
ples are normalised to the NNLO cross sections from the
FEWZ program [20, 51]. The uncertainties on those cross
sections arise from the choice of PDF, from factorisation
and renormalisation scale dependence and from the ↵s

uncertainty. An uncertainty of (+7,�10)% is taken for
the tt̄ cross section [52–54].

D. Analysis Procedure

The integrated and di↵erential W and Z production
cross sections are measured in the fiducial volume of the
ATLAS detector using the equation

�fid =
N �B

CW/Z · Lint
, (1)

where N is the number of candidate events observed in
data, B the number of background events, determined
using data and simulation, and Lint the integrated lu-
minosity corresponding to the run selections and trigger
employed. The correction by the e�ciency factor CW/Z

determines the cross sections �fid within the fiducial re-
gions of the measurement. These regions are defined as

W ! e⌫ : pT,e > 20 GeV , |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

pT,⌫ > 25 GeV , mT > 40 GeV ;

W ! µ⌫ : pT,µ > 20 GeV , |⌘µ| < 2.4 ,

pT,⌫ > 25 GeV , mT > 40 GeV ;

Z ! ee : pT,e > 20 GeV , both |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

66 < mee < 116GeV ;

Forward Z ! ee : pT,e > 20 GeV , one |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

other 2.5 < |⌘e| < 4.9 ,

66 < mee < 116GeV ;

Z ! µµ : pT,µ > 20 GeV , both |⌘µ| < 2.4 ,

66 < mµµ < 116GeV .
For the W channels the transverse mass, mT , is de-

fined as mT =
p
2pT,`pT,⌫ · (1� cos��`,⌫), where ��`,⌫

is the azimuthal separation between the directions of the
charged lepton and the neutrino.

The main analysis, used to determine the integrated
cross sections, is performed for the W and Z electron and
muon decay channels for leptons in the central region of
the detector of |⌘e| < 2.47 and |⌘µ| < 2.4, respectively.
A complementary analysis of the Z ! ee channel is used

in addition to measure the di↵erential cross section at
larger rapidity. Here the allowed pseudorapidity range is
chosen from |⌘e| = 2.5 to 4.9 for one of the electrons.
The di↵erential cross sections are measured, as a func-

tion of the absolute values of the W decay lepton pseu-
dorapidity and Z boson rapidity, in bins with boundaries
at
⌘` = [ 0.00 , 0.21 , 0.42 , 0.63 , 0.84 , 1.05 , 1.37 , 1.52 ,

1.74 , 1.95 , 2.18 , 2.47 (e) or 2.40 (µ) ] ;

yZ = [ 0.0 , 0.4 , 0.8 , 1.2 , 1.6 , 2.0 , 2.4 , 2.8 , 3.6 ] ,
where the notation for absolute ⌘ and y is omitted.
The combined e�ciency factor CW/Z is calculated from

simulation and corrected for di↵erences in reconstruction,
identification and trigger e�ciencies between data and
simulation (see Sec. IV). Where possible, e�ciencies in
data and MC are derived from Z ! `` and, in the case
of the electron channel, W ! e⌫ events [36, 55]. The
e�ciency estimation is performed by triggering and se-
lecting such events with good purity using only one of
the two leptons in the Z ! `` case and a significant
missing transverse energy in the W ! e⌫ case, a proce-
dure often referred to as “tagging”. Then the other very
loosely identified lepton can be used as a probe to es-
timate various e�ciencies after appropriate background
subtraction. The method is therefore often referred to as
the “tag-and-probe” method.
The total integrated cross sections are measured using

the equation

�tot = �W/Z ⇥BR(W/Z ! `⌫/``) =
�fid

AW/Z
, (2)

where the acceptance AW/Z is used to extrapolate the
cross section measured in the fiducial volume, �fid, to the
full kinematic region. The acceptance is derived from
MC, and the uncertainties on the simulation modeling
and on parton distribution functions constitute an ad-
ditional uncertainty on the total cross section measure-
ment. The total and fiducial cross sections are corrected
for QED radiation e↵ects in the final state.
The correction factors CW/Z and AW/Z are obtained

as follows

CW/Z =
NMC,rec

NMC,gen,cut
and AW/Z =

NMC,gen,cut

NMC,gen,all
, (3)

where NMC,rec are sums of weights of events after simula-
tion, reconstruction and selection, NMC,gen,cut are taken
at generator level after fiducial cuts and NMC,gen,all are
the sum of weights of all generated MC events (for the
Z/�⇤ channels within 66 < m`` < 116GeV).

For the measurement of charge-separated W± cross
sections, the CW factor is suitably modified to incorpo-
rate a correction for event migration between the W+

and W� samples as

CW+ =
NMC,rec+

NMC,gen+,cut
and CW� =

NMC,rec�
NMC,gen�,cut

, (4)

Detector 
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The Monte Carlo simulation is also corrected with re-
spect to the data in the lepton reconstruction and identi-
fication e�ciencies as well as in the energy (momentum)
scale and resolution.

Table I summarises the information on the simulated
event samples used for the measurement, including the
cross sections used for normalisation. The W and Z sam-
ples are normalised to the NNLO cross sections from the
FEWZ program [20, 51]. The uncertainties on those cross
sections arise from the choice of PDF, from factorisation
and renormalisation scale dependence and from the ↵s

uncertainty. An uncertainty of (+7,�10)% is taken for
the tt̄ cross section [52–54].

D. Analysis Procedure

The integrated and di↵erential W and Z production
cross sections are measured in the fiducial volume of the
ATLAS detector using the equation

�fid =
N �B

CW/Z · Lint
, (1)

where N is the number of candidate events observed in
data, B the number of background events, determined
using data and simulation, and Lint the integrated lu-
minosity corresponding to the run selections and trigger
employed. The correction by the e�ciency factor CW/Z

determines the cross sections �fid within the fiducial re-
gions of the measurement. These regions are defined as

W ! e⌫ : pT,e > 20 GeV , |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

pT,⌫ > 25 GeV , mT > 40 GeV ;

W ! µ⌫ : pT,µ > 20 GeV , |⌘µ| < 2.4 ,

pT,⌫ > 25 GeV , mT > 40 GeV ;

Z ! ee : pT,e > 20 GeV , both |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

66 < mee < 116GeV ;

Forward Z ! ee : pT,e > 20 GeV , one |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

other 2.5 < |⌘e| < 4.9 ,

66 < mee < 116GeV ;

Z ! µµ : pT,µ > 20 GeV , both |⌘µ| < 2.4 ,

66 < mµµ < 116GeV .
For the W channels the transverse mass, mT , is de-

fined as mT =
p
2pT,`pT,⌫ · (1� cos��`,⌫), where ��`,⌫

is the azimuthal separation between the directions of the
charged lepton and the neutrino.

The main analysis, used to determine the integrated
cross sections, is performed for the W and Z electron and
muon decay channels for leptons in the central region of
the detector of |⌘e| < 2.47 and |⌘µ| < 2.4, respectively.
A complementary analysis of the Z ! ee channel is used

in addition to measure the di↵erential cross section at
larger rapidity. Here the allowed pseudorapidity range is
chosen from |⌘e| = 2.5 to 4.9 for one of the electrons.
The di↵erential cross sections are measured, as a func-

tion of the absolute values of the W decay lepton pseu-
dorapidity and Z boson rapidity, in bins with boundaries
at
⌘` = [ 0.00 , 0.21 , 0.42 , 0.63 , 0.84 , 1.05 , 1.37 , 1.52 ,

1.74 , 1.95 , 2.18 , 2.47 (e) or 2.40 (µ) ] ;

yZ = [ 0.0 , 0.4 , 0.8 , 1.2 , 1.6 , 2.0 , 2.4 , 2.8 , 3.6 ] ,
where the notation for absolute ⌘ and y is omitted.
The combined e�ciency factor CW/Z is calculated from

simulation and corrected for di↵erences in reconstruction,
identification and trigger e�ciencies between data and
simulation (see Sec. IV). Where possible, e�ciencies in
data and MC are derived from Z ! `` and, in the case
of the electron channel, W ! e⌫ events [36, 55]. The
e�ciency estimation is performed by triggering and se-
lecting such events with good purity using only one of
the two leptons in the Z ! `` case and a significant
missing transverse energy in the W ! e⌫ case, a proce-
dure often referred to as “tagging”. Then the other very
loosely identified lepton can be used as a probe to es-
timate various e�ciencies after appropriate background
subtraction. The method is therefore often referred to as
the “tag-and-probe” method.
The total integrated cross sections are measured using

the equation

�tot = �W/Z ⇥BR(W/Z ! `⌫/``) =
�fid

AW/Z
, (2)

where the acceptance AW/Z is used to extrapolate the
cross section measured in the fiducial volume, �fid, to the
full kinematic region. The acceptance is derived from
MC, and the uncertainties on the simulation modeling
and on parton distribution functions constitute an ad-
ditional uncertainty on the total cross section measure-
ment. The total and fiducial cross sections are corrected
for QED radiation e↵ects in the final state.
The correction factors CW/Z and AW/Z are obtained

as follows

CW/Z =
NMC,rec

NMC,gen,cut
and AW/Z =

NMC,gen,cut

NMC,gen,all
, (3)

where NMC,rec are sums of weights of events after simula-
tion, reconstruction and selection, NMC,gen,cut are taken
at generator level after fiducial cuts and NMC,gen,all are
the sum of weights of all generated MC events (for the
Z/�⇤ channels within 66 < m`` < 116GeV).

For the measurement of charge-separated W± cross
sections, the CW factor is suitably modified to incorpo-
rate a correction for event migration between the W+

and W� samples as

CW+ =
NMC,rec+

NMC,gen+,cut
and CW� =

NMC,rec�
NMC,gen�,cut

, (4)
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The Monte Carlo simulation is also corrected with re-
spect to the data in the lepton reconstruction and identi-
fication e�ciencies as well as in the energy (momentum)
scale and resolution.

Table I summarises the information on the simulated
event samples used for the measurement, including the
cross sections used for normalisation. The W and Z sam-
ples are normalised to the NNLO cross sections from the
FEWZ program [20, 51]. The uncertainties on those cross
sections arise from the choice of PDF, from factorisation
and renormalisation scale dependence and from the ↵s

uncertainty. An uncertainty of (+7,�10)% is taken for
the tt̄ cross section [52–54].

D. Analysis Procedure

The integrated and di↵erential W and Z production
cross sections are measured in the fiducial volume of the
ATLAS detector using the equation

�fid =
N �B

CW/Z · Lint
, (1)

where N is the number of candidate events observed in
data, B the number of background events, determined
using data and simulation, and Lint the integrated lu-
minosity corresponding to the run selections and trigger
employed. The correction by the e�ciency factor CW/Z

determines the cross sections �fid within the fiducial re-
gions of the measurement. These regions are defined as

W ! e⌫ : pT,e > 20 GeV , |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

pT,⌫ > 25 GeV , mT > 40 GeV ;

W ! µ⌫ : pT,µ > 20 GeV , |⌘µ| < 2.4 ,

pT,⌫ > 25 GeV , mT > 40 GeV ;

Z ! ee : pT,e > 20 GeV , both |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

66 < mee < 116GeV ;

Forward Z ! ee : pT,e > 20 GeV , one |⌘e| < 2.47 ,

excluding 1.37 < |⌘e| < 1.52 ,

other 2.5 < |⌘e| < 4.9 ,

66 < mee < 116GeV ;

Z ! µµ : pT,µ > 20 GeV , both |⌘µ| < 2.4 ,

66 < mµµ < 116GeV .
For the W channels the transverse mass, mT , is de-

fined as mT =
p
2pT,`pT,⌫ · (1� cos��`,⌫), where ��`,⌫

is the azimuthal separation between the directions of the
charged lepton and the neutrino.

The main analysis, used to determine the integrated
cross sections, is performed for the W and Z electron and
muon decay channels for leptons in the central region of
the detector of |⌘e| < 2.47 and |⌘µ| < 2.4, respectively.
A complementary analysis of the Z ! ee channel is used

in addition to measure the di↵erential cross section at
larger rapidity. Here the allowed pseudorapidity range is
chosen from |⌘e| = 2.5 to 4.9 for one of the electrons.
The di↵erential cross sections are measured, as a func-

tion of the absolute values of the W decay lepton pseu-
dorapidity and Z boson rapidity, in bins with boundaries
at
⌘` = [ 0.00 , 0.21 , 0.42 , 0.63 , 0.84 , 1.05 , 1.37 , 1.52 ,

1.74 , 1.95 , 2.18 , 2.47 (e) or 2.40 (µ) ] ;

yZ = [ 0.0 , 0.4 , 0.8 , 1.2 , 1.6 , 2.0 , 2.4 , 2.8 , 3.6 ] ,
where the notation for absolute ⌘ and y is omitted.
The combined e�ciency factor CW/Z is calculated from

simulation and corrected for di↵erences in reconstruction,
identification and trigger e�ciencies between data and
simulation (see Sec. IV). Where possible, e�ciencies in
data and MC are derived from Z ! `` and, in the case
of the electron channel, W ! e⌫ events [36, 55]. The
e�ciency estimation is performed by triggering and se-
lecting such events with good purity using only one of
the two leptons in the Z ! `` case and a significant
missing transverse energy in the W ! e⌫ case, a proce-
dure often referred to as “tagging”. Then the other very
loosely identified lepton can be used as a probe to es-
timate various e�ciencies after appropriate background
subtraction. The method is therefore often referred to as
the “tag-and-probe” method.
The total integrated cross sections are measured using

the equation

�tot = �W/Z ⇥BR(W/Z ! `⌫/``) =
�fid

AW/Z
, (2)

where the acceptance AW/Z is used to extrapolate the
cross section measured in the fiducial volume, �fid, to the
full kinematic region. The acceptance is derived from
MC, and the uncertainties on the simulation modeling
and on parton distribution functions constitute an ad-
ditional uncertainty on the total cross section measure-
ment. The total and fiducial cross sections are corrected
for QED radiation e↵ects in the final state.
The correction factors CW/Z and AW/Z are obtained

as follows

CW/Z =
NMC,rec

NMC,gen,cut
and AW/Z =

NMC,gen,cut

NMC,gen,all
, (3)

where NMC,rec are sums of weights of events after simula-
tion, reconstruction and selection, NMC,gen,cut are taken
at generator level after fiducial cuts and NMC,gen,all are
the sum of weights of all generated MC events (for the
Z/�⇤ channels within 66 < m`` < 116GeV).

For the measurement of charge-separated W± cross
sections, the CW factor is suitably modified to incorpo-
rate a correction for event migration between the W+

and W� samples as

CW+ =
NMC,rec+

NMC,gen+,cut
and CW� =

NMC,rec�
NMC,gen�,cut

, (4)

No theoretical uncertainty 
from extrapolation outside 
experimental acceptance

Fiducial 
cross section

Total 
cross section

Fiducial volume: 
phase space in which a given final 
state is measured (can include 
other than geometrical cuts)
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W.J. Stirling, private communication
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W: May 2010
Z: Jun 2010

Top: Jul 2010

WW: Dec 2010

ZZ: Jul 2011

W: 1988
Z: 1988

Top: 1994
WW: 2005

ZZ: 2008

Tevatron 
timeline

LHC  
timeline

WZ: Mar 2011

WZ: 2007 H: July 4, 2012

W.J. Stirling, private communication
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Fiducial cross sections at LHC
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Jet cross sections
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Differential jet production cross sections
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Example: Double differential jet cross section measurement



Ratios of differential jet production cross sections
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Measurement of the Strong Coupling Constant αs
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The di-lepton mass spectrum at LHC
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The challenge of the W Mass Measurement

30

Cannot measure W mass 
directly from its decay 
particles because the 

neutrino is not measured 
directly in the detector

Measure W recoil 
precisely

Strategy: fit two kinematic distributions in several categories

PlT: Clean energy measurement, but more sensitive to the 
modelling of the W transverse momentum

MT: Less sensitive to modelling but more difficult to 
reconstruct because of the missing transverse energy



The challenge of the W Mass Measurement
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Cannot measure W mass 
directly from its decay 
particles because the 

neutrino is not measured 
directly in the detector

Measure W recoil 
precisely

Strategy: fit two kinematic distributions in several categories

mW = 80369.5 ± 18.5 MeV (large component from modeling)



The challenge of the W Mass Measurement
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Cannot measure W mass 
directly from its decay 
particles because the 

neutrino is not measured 
directly in the detector

Measure W recoil 
precisely

Strategy: fit two kinematic distributions in several categories

For further improvements: 
Special precision-data runs with low pile-up events

~600 pb-1
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Diboson#produc*on#

5#

t-channel 

u-channel 

s-channel 

LO

NLO {t-channel

u-channel

s-channel

Final states: 
WW 
WZ 
ZZ 
Wγ 
Zγ

Anomalous  
Triple Gauge Couplings



Di- (and Tri-) boson measurements at the LHC
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Large number of processes measured and used to constrain anomalous gauge couplings

Even more rare processes…

Exposing the need for NNLO 
QCD calculations



Higgs
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Higgs Production at LHC (mH = 125 GeV) 
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NNLO+NNLL%QCD%
+NLO%EW%

NNLO%QCD%
+NLO%EW%

NNLO%QCD%
+NLO%EW%

NLO%QCD% N(N)LO QCD 

associated with bb 
Higgs Production at LHC 

2014/10/07 LHC Seminar  

Gluon fusion process (ggF) 
•  Largest cross section : 19.15pb at 125.4 GeV 
•  Large theory uncertainty : ~10% 
Vector boson fusion (VBF) process 
•  Second largest cross section : 1.57pb (±~2.7%) 
•  VBF topology : tagged by 2jets with large Δηjj,mjj                                                                       

" Background suppression is crucial for 
observation of                                                       
H!ττ signal 

η 

6/45 

Tag  
jets 

Higgs 
decay  
products 

NNLO+NNLL QCD
+ NLO EWK

Gluon Fusion
(ggF)

Vector Boson Fusion 
(ggF)

NNLO QCD
+ NLO EWK

Associate Production
(VH)

NNLO QCD
+ NLO EWK

Associate Production
(ttH)

NLO QCD

Production Rates 
in Run 2 (13 TeV) 

for 150 fb-1

~8M events 

~600k events 

~400k events 

~80k events Earlier cross section calculations assumed 
a full range of Higgs masses



Higgs Decay Branching Fractions (mH = 125 GeV) 
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•  ~125.4 GeV is “ideal” for Higgs hunters!! 
" Allows for tests of Higgs sector with 
various decay modes  

•  Fermion decay (bb, ττ, µµ) 
•  Boson decay (WW, ZZ) 
•  Loop diagram (γγ, Zγ) 
Important for property measurements 

SM Branching ratio at 125.4 GeV 
bb WW ττ ZZ γγ Zγ µµ 
57% 22% 6.3% 2.7% 0.23% 0.15% 0.02% 

8/45 

Boson
decays

Fermion
decays

Possible to test Higgs sector 
with many decay modes

22%

3%

0.2%

57%

6.3%

0.02%

BR(H→ cc) = 3%



Discovery channel: 2 photons

38
Sensitive to new physics 

High mass resolution O(1%) 
allowing data driven estimate 
of background in the 
sidebands

Observation implies that the 
bump does not originate from 
spin 1 particle: Landau-Yang 
theorem



Discovery channel: 4 leptons
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Very high S/B ratio 

Backgrounds can be 
estimated from MC 

Polarization can be 
reconstructed



Discovery channel: WW
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Large event rate 

but 

Large background from SM 
WW and top quark 
production 

Mass resolution spoiled by 
the presence of neutrinos



Higgs boson mass
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0.11% uncertainty

Measurement done exclusively in the di-photon and 4-leptons channels



Precision measurements and predictions

42

The knowledge of the Higgs mass has large impact on the precision of indirect measurements!



Higgs observation in tau channel
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VBF process

with two forward jets

background 
from Z production 
plus 2 jets



Higgs observation with b-quark decays
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W/Z associate process

Z decays into b-quarks

Higgs into  
b-quarks



Overview of the Higgs Boson exploration
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Higgs Boson Coupling Precision at LHC and HL-LHC
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What we know about the Higgs

•Gives mass to the W and Z bosons 

•Gives mass to 3rd generation fermions via 
Yukawa interaction 

•Evidence it couples to the 2nd generation 
fermions as expected 

•Has spin 0 

•Not composite (down to 10-19 m)
47

JHEP01(2021)148



Di-Higgs Production and Higgs Self Coupling

48

Higgs pair production through 
gluon fusion and VBF

Cross section ~1000×  smaller 
than Higgs production 

still  
Expect ~100k events 
produced at HL-LHC

Multiple channels being investigated to 
maximize sensitivity: bb, γγ, ττ , WW



Di-Higgs Production and Higgs Self Coupling

49

Higgs pair production through 
gluon fusion and VBF

Cross section ~1000×  smaller 
than Higgs production 

still  
Expect ~100k events 
produced at HL-LHC

Multiple channels being investigated to 
maximize sensitivity: bb, γγ, ττ , WW

Prospects for HL-LHC

Possible observation of HH signal at 5σ 
constraint on the Higgs self coupling of 

0.5 < kλ < 1.5



Searches
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S U P E R S Y M M E T RY  ( S U S Y )

• A favorite, ideal, long-time candidate to explain most of questions raised 
• Symmetry between bosons and fermions, provides dark matter candidate, provides 

unification of forces, no fine-tuning required for Higgs mass 

• Unfortunately, no evidence for SUSY found yet

51

Dark Matter 
Candidates

(Assuming R-Parity  
Conservation)

Mass gluino > 2 TeV (depending on models)

Strong SUSY production

Large cross section



Searches for Natural and Strongly Produced SUSY
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Searches for Weakly Coupled and Complex Scenarios
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Weakly produced SUSY

Rare or complex signatures → more difficult to observe



Summary of SUSY Searches
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ATLAS Results 
(similar for CMS)

Prospects for HL-LHC (HE-LHC)

A large variety of topologies and models … no discoveries thus far



SUSY Searches Outcomes:

• Searches typically assume Branching Fractions of 100% into a specific 
channel 

• Many searches assume mass degeneracy between various SUSY particles, 
e.g., squarks of different generation 

• Interpretation is usually done via simplified model framework, not in the full 
model

55

Caveats to be aware of:

Limits might be less stringent that they seem to be



D I R E C T  N E W  P H Y S I C S  S E A R C H E S  F R O M  L H C
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Contact Interactions

Dark Matter

SUSY RPV

Extra Dimensions

Excited Fermions

Heavy Fermions

Leptoquarks

New Gauge Bosons
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Extra Dimensions - an example of bump hunting

• Hierachy problem solved by bringing down Planck scale 
• n extra dimensions, compactified at radius R 
• SM confined to brane in a higher dimensional space 
• Only gravity can access extra dimensions

57

  
40  

 Extra Space Dimensions 

Gravity becomes strong! 

Problem: 



Dark Matter
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Dark Matter Landscape
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Battaglieri et al., 
arXiv:1707.04591



Dark Matter Landscape
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Battaglieri et al., 
arXiv:1707.04591

at the LHC



Dark Matter Searches at Colliders
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There are three main approaches to detect DM: 
• Dark Matter-nucleon scattering (direct detection) 
• Annihilation (indirect detection) 
• Pair production at colliders

All three processes are just topological permutations  
of the same Feynman diagram

Leads to complementarity of searches

Beltran, Hooper, Kolb, Krusberg, and Tait,  
“Maverick Dark Matter at Colliders” JHEP 09 (2010) 037

How to trigger on a pair of DM particles in a collider

Use Initial State Radiation (jet, γ, W, Z, …)

Mono-anything analyses: 
mono-jet, mono-photon, mono-top, 
mono-V, mono-Higgs…

mono-jet

DM → MET



Monojet event
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1707 GeV

MET: 1735 GeV



Dark Matter Searches at Colliders: Higgs → invisible
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Beltran, Hooper, Kolb, Krusberg, and Tait,  
“Maverick Dark Matter at Colliders” JHEP 09 (2010) 037

mono-jet

DM → MET



Dark Matter Searches at Colliders
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Beltran, Hooper, Kolb, Krusberg, and Tait,  
“Maverick Dark Matter at Colliders” JHEP 09 (2010) 037

mono-jet

DM → MET

Mono-jets prospects at HL-LHC

Reach TeV range, but model dependent



Dark Matter Searches at Colliders
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Complementarity to Direct Detection

Collider experiments competitive w/ direct detection ones

 Spin Dependent (axial-vector mediator) 
 up to mDM ~500 GeV

Spin Independent (vector mediator) 
for very light mDM < ~5 GeV

JHEP 11 (2021) 153

PRD 103 (2021) 112006



Do anomalies exist in the LHC data?
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Anomalies do exist… a few examples
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Several 3σ local excesses…

Warning:  
With such large number of searches statical fluctuations  
are expected and there could be systematic effects!



N O  N E W  P H Y S I C S  O B S E R V E D
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→  L O O K  F U RT H E R / D E E P E R

Explore new tools and techniques



Long-lived particles (LLPs)

• Challenges: 
• Often requires new triggers 
• Exotic detector signatures (requiring new 

tools) 
• Non-standard backgrounds
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Could have escaped observation so far

Long-lived particles (LLPs) are common in BSM  
• Small phase space for decay (e.g. Split SUSY) 
• Small couplings to SM particles 

• Suppressed (e.g. Higgs/gauge portal to Dark Sector) 
• Forbidden by symmetry (SUSY R-parity)
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Displaced vertices

Track-less jets

Displaced leptons

Disappearing track

Large pixel dE/dx



N O  N E W  P H Y S I C S  O B S E R V E D
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→  L O O K  F U RT H E R / D E E P E R

The highest energy possible

The highest luminosity possible

As low backgrounds as possible

Explore new tools and techniques



T H E  L A R G E  H A D R O N  C O L L I D E R
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LHC and experiments 
being upgraded 

HL-LHC starting in 2029: 3000-4000 fb-1

Center of mass energy: 14 TeV



HL-LHC Upgrade

73

~1.2 km of accelerator 
will be upgraded 



Challenging Phase-II Upgrades of ATLAS and CMS
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Event with 78 reconstructed vertices (CMS Run 2 data) 
Note: ~ 20 expected when detectors were designed

New timing detectors with resolution ~ 30 ps 
in both experiments will allow 4-dimensional 
identification of primary vertex

LHC: ~ 30 evts/x-ing
HL-LHC: ~ 140-200 evts/x-ing

Higher peak luminosity and larger pile-up (from  ~ 30 to 140-200 events/x-ing) require: increased radiation hardness and 
granularity, dedicated (timing) detectors, larger bandwith, faster and more granular readout electronics, improved triggers and 
higher redundancy, to provide similar or better performance than  current detectors (including trigger thresholds) in much 
harsher HL-LHC environment 



Challenging Phase-II Upgrades of ATLAS and CMS
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ATLAS tracker (ITk)

Today Pixels 
HL-LHC Pixels

CMS end-cap calorimeter (HGCAL)

|𝜼|< 4 
Low mass, rad hard 
Barrel: 5 pixel + 4 strip layers 
End-cap: up to 23 pixel + 6 strip rings 
Pixel size: 25 x 100 µm2  and 50 x 50 µm2  

Strip size (barrel): ~ 75 µm x 24-42 mm 

Total Si area: ~ 180 m2 

Total # of channels: ~ 5 billion (50 x today)

1.5 < |𝜼| < 3 
Unprecedented lat. and long. segmentation (ILC-type) 
Time resolution ~ 30 ps 
EM part (CE-E):  Si pads, Cu/CuW/Pb absorber  
                    26 layers, 25 X0 
HAD part (CE-H): Si and scintillator, steel absorber 
                            21 layers, 8.5 λ 
~ 600 m2 of Si pads (0.5-1 cm2)   
106 channels



New High-Energy Collider Projects
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Future	Circular	Collider	(FCC-ee):	CERN	
e+e-,	√s:	90	-	350	(365)	GeV;	FCC-hh	pp	
Circumference:	97.75	km	

Circular	Electron	Positron	Collider	
(CEPC),	China	
e+e-,	√s:	90-240	GeV;	SPPC	pp,		
Circumference:	100	km	

2	EP	R&D	kick-off,	November	20,		2017	

International	Linear	Collider	(ILC):		
Japan	(Kitakami)	
e+e-,	√s:	250	–	500	GeV	(1	TeV)	
Length:	17	km,	31	km	(50	km)	

high-energy	e+e-	collider	projects		

Compact	Linear	Collider	(CLIC):	CERN	
e+e-,	√s:	380	GeV,	1.5	TeV,	3	TeV	
Length:	11	km,	29	km	,	50	km	

365



Hadron versus lepton colliders

1. Proton are compound objects 

•  Initial state unknown  (particle and momentum) 

•  Limits achievable precision 

2. High rates of QCD background 

•  Complex triggers 

•  High levels of radiation 

•  Detector design focus on radiation hardness of 
many sub-detectors  

3. Very high-energy circular colliders feasible

77

1. Electrons are point-like particles 

•  Initial state well-defined (particle, energy, 
polarization…) 

•  High-precision measurements 

2. Clean experimental environment 

•  No (less) need for triggers 

•  Lower levels of radiation  

3. Very high-energies require linear colliders

S/B ~ 10-10 S/B ~ 10-3
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After the Higgs boson discovery, no other new physics found 
Need to also pursue outstanding precision 

- PRECISION physics can play a key role -



Top Mass Prediction from Precision Electroweak data
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Top mass in the electroweak theory
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Electroweak fit

Limit from electroweak fit

Tevatron Combination

Chris Quigg, private communication

Top discovery at Tevatron

Mtop = 175 —> 173 GeV

World average:
mtop = 173.1 ± 0.6 GeV 

           (0.35%)
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Overnight update
Updated with EPS’01 results 

Excludes direct searches from ATLAS and CMS from EPS
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mH (minimum)= 94.5 GeV,    Range mH = [71, 124],    mH < 166.5 GeV @ 95%
Standard Fit

mH (minimum)= 125.2 GeV,   Range mH = [116, 133],    mH < 153.9 GeV @ 95%
Complete Fit

Thanks to Matthias Schott from the GFitter group 
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Higgs coupling measurement at future colliders
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95% CL limits



Combination of electroweak measurements

82

Mogens Dam / NBI Copenhagen

u With mtop, mH and mW known, the standard model has nowhere to go

q Precision of theory predictions needs to improve for full sensitivity to new physics 
v higher order calculations needed

Combination of EW measurements

21-24 Jan, 2019IAS Conf. on HEP 2019, Hong Kong 12
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Effect of BSM physics 
Modify EW observables through  
quantum effects (cf top & H @ LEP)

Blue (direct) & red (Z pole) 
ellipses may not overlap
Standard Model may not fit

FCC-ee provides improvement from all 
fronts…

e.g. mZ, αQED, mtop, …
...maximizing sensitivity to BSM physics

LEP+mH (LHC) + SM

Tevatron, LHC

FCC-ee

1407.3792

1407.3792

Mogens Dam, HK2019

Precision of theory 
predictions needs to  
improve to take 
advantage 
of this experimental  
precision for full sensitivity 
to new physics



Higgs self-coupling at lepton colliders
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Global effective-field-theory analysis can assess Higgs trilinear self-coupling

Direct production at ILC 
and CLIC most important

baseline



BSM Physics through Exotic Higgs Decays

84

Chinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(ττ)
(ττ)(ττ) (jj)(γγ) (γγ)(γγ)

10-5
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B
R
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→
E
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s)

95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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sions of the Higgs exotic decays at di↵erent future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this

work

The Higgs boson BSM decays have a rich variety of
possibilities. To organize this study on Higgs boson BSM

decays, we selectively choose a set of phenomenologically
driven processes. We focus on two-body Higgs decays
into BSM particles, which are allowed to subsequently
decay further, up to four-body final states. We only
consider the Higgs boson as an CP-even particle. CP-
violation e↵ects would a↵ect various di↵erential distri-
butions, and this demands future study. These processes
are well-motivated by SM+singlet extensions, two-Higgs-
doublet-models, SUSY models, Higgs portals, gauge ex-
tensions of the SM, etc. These assumptions have also
been emphasized in the recent overview of Higgs exotic
decays [25] and the CERN yellow report [26].

We consider in general the exotic Higgs decays into
BSM particles dubbed as Xi, h ! X1X2. The cascade
decay modes are classified into four cases, schematically
shown in Fig. 1. We discuss their major physics motiva-
tion and features at lepton colliders in order.

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

Fig. 1. The topologies of the SM-like Higgs exotic decays.

h! 2: The Xis in this case are detector-stable and
charge-neutral. ⇤ They could be dark matter candi-
dates. The Higgs portal [27] to dark matter models, in-
cluding various SUSY light dark matter models [28–38],
motivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e
+
e
�

! ZZ ! Z + ⌫⌫̄ and e
+
e
�

! W
+
W

�
! `

+
`
�
⌫⌫̄.

This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

h! 2! 3! 4: This is the topology in which X1 is
detector-stable and X2 decays to two particles, with
one of these decay products further decaying into two

particles. A typical BSM model for such decay modes
is the Higgs decaying into the lightest supersymmetric
particle (LSP) plus a heavier neutralino, which subse-
quently decays into the LSP plus a resonant BSM par-
ticle. This resonant BSM particle could be a singlet-
like scalar in the Next-to-Minimal-Supersymmetric-
Standard-Model (NMSSM). Many SUSY models which
motivate Higgs invisible decays also induce this decay
channel, e.g. [38, 39]. It also commonly exists in the
so-called “stealth SUSY” models [40]. This singlet-like
scalar decays into SM fermion pairs, giving rise to the fi-
nal state of a pair of resonant SM particles plus missing
energy, dubbed h ! (ff)+ /ET.† In this study, we only
consider the channels which are very challenging at the
LHC, h ! (jj)+/ET, h ! (bb̄)+/ET and h ! (⌧+

⌧
�)+/

ET. For the hadronic channels, the major background is
from the SM Higgs decay modes h!ZZ

⇤
! jj+⌫⌫̄ and

⇤The possibility of a detector-stable electrical charged particle Xi is usually more contrived and excluded from direct Drell-Yan
production by both LEP and the LHC. Hence, we ignore this possibility here.

†At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /ET. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung e↵ect [41] and the initial state radiation (ISR) e↵ect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.

063102-2

e+e- collider better than HL-LHC for 
MET+hadronic activity final states

General search for BSM



Final remarks
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Planning for the next future accelerators has started 
(see Tatsuya Tanaka’s lecture tomorrow for details)

LHC, including HL-LHC, to provide still 20-30x more data 
Hence, small discrepancies can still turn into discoveries

Expect new exciting sensitivity for BSM physics and potential discoveries
Higgs will continue to play an essential role

The standard Model is well established but many questions remain answered

Higgs self coupling measurement at HL-LHC is a major milestone

Explore synergies of electron and hadron colliders to maximize physics potential



Symmetry Magazine, 2009
2040 GeV



ATLAS and CMS in more detail
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How bad does it look?
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2012: Z ➔ μμ event

25 reconstructed 

vertices


