
The Higgs boson: 
the final piece of the Standard Model and a probe for physics beyond

SHANGHAI JIAO TONG UNIVERSITY 
April 25, 2019

LIU Kun  
(Laboratoire de Physique Nucléaire et de Hautes Energies)



 

 2
  

 

LIU Kun (LPNHE-Paris)

Outline of this talk
  

Outline 

Outline

✦ What are the fundamental questions 


✦ Where do we stand now 

❖ an brief introduction to the Standard Model of particle physics


✦ How did we get here

❖ an short introduction to the Large Hadron Collider and ATLAS experiment 


✦ The Higgs boson discovery at the LHC experiments 


✦ Measurements of the Higgs boson properties 


✦ Prospects of Higgs properties measurements 

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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LIU Kun (LPNHE-Paris)

If the universe is the answer, 

what is the question ?

Outline of this talk
  

What are the questions

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024


 

 4
  

 

LIU Kun (LPNHE-Paris)

What are the elementary constituents of matter ?


What are the fundamental laws of the universe ?

Outline of this talk
  

What are the questions

What are the questions

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Where do we stand now

The current answer is encapsulated in the Standard Model of particle physics.

Where do we stand now

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

The current answer is encapsulated in the Standard Model of particle physics.

Where do we stand now

Quarks and         
leptons are 
grains of matter

Three types of forces 
are applicable to the 
microcosmos:

strong  
electromagnetic 
weak 

Their carriers are:

gluons (g)

photon (γ)

gauge bosons (W,Z)

The Higgs boson is a quantized manifestation of the Higgs field 
that generates mass through its interaction with other particles.

Where do we stand now

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Discovery of elementary particles 

Higgs boson

The first discovery of elementary 
particle has been 120 years ago ! 

Many new discoveries in 1970’s 
thanks to accelerator experiments.

The final piece of the Standard 
Model, the Higgs boson had just 
been discovered till July 2012 by 
the ATLAS and CMS experiments 
at Large Hadron Collider.

The Standard Model theory has 
been built up since 1960’s.

Where do we stand now

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Three types of forces in the Standard Model

force range: ∞

strength:  ~1/r2

force range

10-15 m

force range

10-18 m

force range: ∞

strength ~ 1/r2

Where do we stand now

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Three types of forces in the Standard Model  + Gravity

force range: ∞

strength ~ 1/r2

force range

10-15 m

force range

10-18 m

force range: ∞

strength ~ 1/r2

Where do we stand now

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Why do we need the Higgs boson in the Standard Model ?

✦ Seeking the answer, let’s go back to the trouble during the development of 
quantum field theory in 1950’s.

✦ In dealing with weak interaction, the 
force carriers have to be massless 
to obtain local gauge symmetry               
→ contrary to the fact.


✦ Solutions were introduced 
independently by Francois Englert 
and Robert Brout, by Peter Higgs, 
by Gerald Guralnik, Carl Richard 
Hagen and Thomas Kibble in 1960’s   


 → the Higgs mechanism.

Where do we stand now

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

The Higgs Field

Why do we need the Higgs boson in the Standard Model ?

Where do we stand now

✦ All of space is filled with a field that interacts with particles to give them masses.


✦ In common with earth’s magnetic field, we don’t see them even existing 
everywhere !

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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LIU Kun (LPNHE-Paris)

Outline of this talk
  

✦ All of space is filled with a field that interacts with particles to give them masses.


✦ In common with earth’s magnetic field, we don’t see them even existing 
everywhere !

Why do we need the Higgs boson in the Standard Model ?

Where do we stand now

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Why do we need the Higgs boson in the Standard Model ?

Where do we stand now

Terms of ℒ  map to particle interactions

❖ triple gauge vertex, e.g ggg, WWW …

❖ fermion-fermion vertex, e.g qq𝛾, qqg..


Terms of Higgs sector  

❖ Higgs-fermion (Yukawa) terms


❖ Higgs potential  

❖ Higgs-gauge terms

(fermion mass term)    (Higgs-fermion interactions)

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

The Nobel Prize in Physics 2013 was awarded jointly to François Englert and 
Peter W. Higgs:

“for the theoretical discovery of a mechanism that contributes to our understanding 
of the origin of mass of subatomic particles, and which recently was confirmed 
through the discovery of the predicted fundamental particle, by the ATLAS and 
CMS experiments at CERN's Large Hadron Collider.”

On 4 July 2012, Francois Englert (left) and 
Peter W. Higgs (right) attended the Higgs 
particle discovery seminar at CERN.

The Higgs boson discovery at the LHC on 4 July 2012

Where do we stand now

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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LIU Kun (LPNHE-Paris)

Outline of this talk
  

Outline

How did we get here ?

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024


 
Particle accelerator and detector 
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The LHC tunnel is 27km long, located 100 meters underground next to Geneva.

Proton beams are accelerated to 7x1012 eV (0.999999991 of light speed) in LHC ring.

How did we get here

Large Hadron Collider (LHC)

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
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The LHC tunnel is 27km long, located 100 meters underground next to Geneva.

Proton beams are accelerated to 7x1012 eV (0.999999991 of light speed) in LHC ring.

How did we get here

Particle accelerator and detector 

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024


 
A Toroidal LHC ApparatuS (ATLAS) 
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LIU Kun (LPNHE-Paris) How did we get here

46 m long 
25 m high 
25 m wide 
7000 tons

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
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LIU Kun (LPNHE-Paris) How did we get here

The ATLAS detector is able to reconstruct track of 
charged particles and energy of photons, electrons 
as well as hadrons.

A Toroidal LHC ApparatuS (ATLAS) 

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024


 
Outcomes of the proton-proton collision at LHC
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LIU Kun (LPNHE-Paris) How did we get here

Nevents = 𝜎 ∙ ∫ L dt

It is a big challenge to identify the Higgs boson 
signal from huge background events

e.g only one event of Higgs to ZZ to 4 leptons 
being produced out of 1012 total events.

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

It takes 50 years from proposed theory to experimental verification

✓ The Higgs boson mass is free parameter (not predicted by the SM).

✓ The Higgs boson mean lifetime is very short : 1.56 x 10-22 s.


In the last decades, big efforts have been made in searching for the Higgs boson

✦ Large Electron Positron Collider (1989-2000)


       (90-209 GeV, e+-e- collision)

✦ Tevatron (1983-2011)


       (1.96 TeV, p-pbar collision) 

✦ Large Hadron Collider


       (7-14 TeV, p-p collision) 

How did we get here

Exclusions of Higgs mass range in 2012

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Outline

The Higgs boson discovery at LHC experiments 

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

The Higgs boson production and decay channels at the LHC

The Higgs boson discovery at LHC experiments

~ 8 millions Higgs bosons have been 
produced by ATLAS (200 per hour)

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024


 

 24
 

 

LIU Kun (LPNHE-Paris)

Outline of this talk
  

The Higgs boson production and decay channels at the LHC

The Higgs boson discovery at LHC experiments

~ 8 millions Higgs bosons have been 
produced by ATLAS (200 per hour)

Richard Feyman (1918-1988) 

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

The Higgs boson production and decay channels at the LHC

The Higgs boson discovery at LHC experiments

~ 8 millions Higgs bosons have been 
produced by ATLAS (200 per hour)

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

The Higgs boson production and decay channels at the LHC

The Higgs boson discovery at LHC experiments

~ 8 millions Higgs bosons have been 
produced by ATLAS (200 per hour)

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

The Higgs boson production and decay channels at the LHC

The Higgs boson discovery at LHC experiments

~ 8 millions Higgs bosons have been 
produced by ATLAS (200 per hour)

These are the objects being 
“seen” by the ATLAS detector.

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

The Higgs boson production and decay channels at the LHC

The Higgs boson discovery at LHC experiments

~ 8 millions Higgs bosons have been 
produced by ATLAS (200 per hour)

gluon-gluon fusion Vector boson fusion

Higgs associated 
production with    
vector bosons

~1%

~7%
~88%

Higgs associated 
production with a 

top-quark pair

Higgs boson production at LHC   
at 13 TeV centre-of-mass energy

Higgs boson decay modes
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https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Discovery of the Higgs boson at the LHC

The Higgs boson discovery at LHC experiments

LHC starts 
pp collision 
at 7TeV 
CoM 
energy

Today

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

The Higgs boson discovery at LHC experiments

Discovery 
of a 
Standard 
Model 
like Higgs 
particle

Discovery of the Higgs boson at the LHC

In the combination of H→𝛾𝛾, 
ZZ* and WW* decay modes. 

  
Phys. Lett. B 716 (2012) 1-29

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1339866
https://www.sciencedirect.com/science/article/pii/S037026931200857X
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Outline of this talk
  

The Higgs boson discovery at LHC experiments

Discovery of the 
Higgs boson to 
di-photon and 
ZZ*→4l decay 
modes

Discovery of the Higgs boson at the LHC

Higgs Spin (0) 
and Parity (1) 
were confirmed !

  
Phys. Lett. B 726 (2013) 88

  
Phys. Lett. B 726 (2013) 88

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1339866
https://inspirehep.net/record/1241574
http://inspirehep.net/record/1339866
https://inspirehep.net/record/1241574


 

 32

 

LIU Kun (LPNHE-Paris)

Outline of this talk
  

The Higgs boson discovery at LHC experiments

Discovery of the 
Higgs boson to 
WW* decay 
mode

Discovery of the Higgs boson at the LHC

  
Phys. Rev. D 92, 012006 (2015)

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1339866
https://inspirehep.net/record/1333228


 

 33

 

LIU Kun (LPNHE-Paris)

Outline of this talk
  

The Higgs boson discovery at LHC experiments

Discovery of the Higgs boson 
to 𝜏𝜏 decay mode. 

Discovery of the Higgs boson 
in Vector Boson Fusion 
production channel.

Discovery of the Higgs boson at the LHC

  
Phys. Rev. D 93 (2016) 092005

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1339866
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.092005
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Outline of this talk
  

The Higgs boson discovery at LHC experiments

Discovery of the Higgs production in 
association with top-quark pair (ttH)

Discovery of the Higgs boson at the LHC

µ

μ = 1.32 ± 0.28Challenge:

❖ small ttH production rate 

    → only ~1% of Higgs production

❖ complex final states


  → challenge in signal event 
reconstruction.

“Highlights of the Year 2018” by APS.
Phys. Rev. D 97 (2018) 072003

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072003


 

 35

 

LIU Kun (LPNHE-Paris)

Outline of this talk
  

The Higgs boson discovery at LHC experiments

Discovery of the Higgs boson to 
bottom-quark pair decay mode. 

Discovery of the Higgs production 
in association with vector bosons.

Discovery of the Higgs boson at the LHC

VZ, Z→bb

VH, H→bb

Challenge:  
huge background pollution !

“Highlights of the Year 2018” by APS. Phys. Lett. B 786 (2018) 59

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://www.sciencedirect.com/science/article/pii/S0370269318307056?via=ihub
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Outline of this talk
  

The Higgs boson production and decay channels at the LHC

The Higgs boson discovery at LHC experiments

~ 8 millions Higgs bosons have been 
produced by ATLAS (200 per hour)

gluon-gluon fusion Vector boson fusion

Higgs associated 
production with    
vector bosons

~1%

~7%
~88%

Higgs associated 
production with a 

top-quark pair

Higgs boson production at LHC   
at 13 TeV centre-of-mass energy

Higgs boson decay modes
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https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Outline

What do we know about this newly discovered Higgs boson ? 

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Measurements of the Higgs boson properties

The Higgs boson mass has been measured at 0.2% accuracy: 

Spin   0

Parity 1

What do we know about this newly discovered Higgs boson

Run 1: between 2011 and 2014 

Run 2: between 2015 and 2018

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Measurements of Higgs coupling properties

Particle earns mass from its interacting with 
the Higgs field. 

The interaction strength can be quantified 
as “coupling” parameter :

✓ Higgs-fermion coupling   

✓ Higgs-vector boson coupling      2m2

V /v
2

           : coupling strength modifier.      
                 = 1 is the SM prediction.

p
2mF /v

F (V )
F (V )

Constraints from the ATLAS measurements

❖ ~ 10% of Higgs-boson coupling uncer.

❖ ~ 20% of Higgs-fermion coupling uncer.


All measurements are in good agreement 
with the SM predictions (72% compatibility).

What do we know about this newly discovered Higgs boson

Measurements of the Higgs boson properties

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Measurements of Higgs coupling properties

Particle earns mass from its interacting with 
the Higgs field. 

The interaction strength can be quantified 
as “coupling” parameter :

✓ Higgs-fermion coupling   

✓ Higgs-vector boson coupling      2m2

V /v
2

           : coupling strength modifier.      
                 = 1 is the SM prediction.

p
2mF /v

F (V )
F (V )

✔

✔

✔ ✔

✔

What do we know about this newly discovered Higgs boson

Constraints from the ATLAS measurements

❖ ~ 10% of Higgs-boson coupling uncer.

❖ ~ 20% of Higgs-fermion coupling uncer.


All measurements are in good agreement 
with the SM predictions (72% compatibility).

Measurements of the Higgs boson properties

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Outline

What we would like to know more about the Higgs boson  ? 

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024


 

 42

 

LIU Kun (LPNHE-Paris)

Outline of this talk
  

✔

✔

✔ ✔

✔

What we would like to know about the Higgs boson

❓

❓

Searching for Higgs boson in not-yet-seen channels, e.g Higgs 
pair production, Higgs decays to muon pair or charm-quark pair.


Precision measurements of Higgs coupling properties,  
i.e Higgs-top Yukawa coupling

Measurements of the Higgs boson properties

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Why should we care about the top Yukawa coupling

We need accurate measurement on top Yukawa coupling ! 
Higgs coupling to the heaviest elementary particle (~172GeV)

→ coupling close to unity.

Any deviation might be hint for physics beyond the SM.

The top Yukawa coupling (yt) affects Higgs mass 
stability dramatically:

→ replacing by measured numerical values  

Measurements of the Higgs boson properties

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

What we have already known

Measurements of the Higgs boson properties

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

What is the nature looks like

Dark matter

4% of the known 
universe 

Antimatter

Dark energy

Neutrinos

Naturalness

Black Holes
New Physics

Measurements of the Higgs boson properties

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
   An interesting argument from theorist  arXiv:1411.1923

“… at present moment the only quantity which can help us to get an idea about the scale of new 
physics is the top Yukawa coupling …”

Starting from a contradiction: 

   the Higgs self-coupling goes negative, 
the author gets the maximum top-Yukawa 
coupling ytcrit :

By comparing to the measured value (yt), 
one can get the energy scale of physics 
beyond the SM (μ0) as function of yt - ytcrit.

To determining the energy scale of New Physics, one needs measurement of top 
Yukawa coupling (yt) at percentage accuracy. 


The only way to get there is direct and indirect measurements via Higgs physics.

Why should we care about the top Yukawa coupling

Measurements of the Higgs boson properties

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
http://arxiv.org/abs/1411.1923
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Outline of this talk
  

Outline

Prospects of Higgs coupling properties measurements

✦ High-Luminosity LHC (2026-2036) 

✦ The next generation colliders: Higgs factory ! 
• CEPC (China)

• FCC (CERN)

• ILC (Japan)

• CLIC (CERN)


https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024


 

 48
 

 

LIU Kun (LPNHE-Paris)

Outline of this talk
  

High-Luminosity LHC (2026 - 2036)

Prospects of Higgs properties measurements

✦ The LHC is going to be upgraded to 
High-Luminosity LHC after 2024 !

❖ 5 times more peak luminosity 

❖ challenge for detector performance.


✦ The Inner Tracking detector will be 
updated using advanced techniques 

❖ all-silicon system

❖ more tolerant to radiation

❖ lighter structure and finer granularity 

❖ forward extension


 

    to maintain good performance !

Most advanced techniques have been 
developed and under performance test !

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Prospects of Higgs coupling properties at the HL-LHC

Prospects of Higgs properties measurements

The High Luminosity LHC is going 
to collect 3000 fb-1 pp collisions. 


Discovery of Higgs boson decays

✓ to Z boson plus photon

✓ to muon pair. 


Precision measurements of Higgs 
coupling properties.


Can reach to ~ 5% accuracy on  
the Higgs-top Yukawa coupling 
measurement ! 

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Looking forward to having Higgs factory 

Prospects of Higgs properties measurements

Advantages of the next generation collider of electron-position machine 

✦ cleaner collision environment, less backgrounds

✦ can measure Higgs production cross section and branching ratio separately

✦ better precision on Higgs properties measurements

✦ using Higgs as a new tool to probe physics beyond the Standard Model. 

https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

What are the next generation colliders in prospects 

Prospects of Higgs properties measurements

The Circular Electron Positron Collider 
(CEPC), China 

❖ 100 km-circumference

❖ 240 GeV CoM energy 


→ can host super proton-proton collider 
of 140TeV CoM energy in the ring.

Future Circular Collider (FCC), CERN 

  FCC-ee : electron-positron collisions

❖ 80-100 km-circumference

❖ 90-365 GeV CoM energy


  FCC-hh : proton-proton collisions 

❖ 100 TeV CoM energy.

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

What are the next generation colliders in prospects 

Prospects of Higgs properties measurements

The International Linear Collider (ILC), Japan 
❖ electron-positron collision

❖ 30-50 km long; 500 GeV CoM energy


→ can have 1TeV CoM energy after upgrade.

The Compact Linear Collider (CLIC), CERN 
❖ electron-positron collision

❖ 350GeV CoM energy (potentially up to 3TeV).

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Prospects of Higgs coupling properties at the future colliders

Prospects of Higgs properties measurements

Collider Luminosity Timescale 𝜅𝒕 𝜅𝒃 𝜅𝒄 𝜅𝜏 𝜅𝝁 𝜅w 𝜅z
HL-LHC 3-4 ab-1 2026-2036 3.5-5.5% 4-5.5% N/A 3.5-5.5% 6.8-7.5% 2-3% 1.7-2.5%

CEPC 5.6 ab-1
2030-2037(Z,H) 

-2040(Z,WW) 3 % 1.3 % 2.2 % 1.5 % 8.7 % 1.4 % 0.25 %

FCC-ee 5ab-1(240GeV)


1.6ab-1 (365 GeV)

2039-2042(Z,H) 
-2046   (Z) 

-2047(WW) 
-2053(tt, Z,HH) 3.3 %

1.4% 
0.68%

1.8% 
1.2%

1.4% 
0.8%

9.6% 
8.6%

1.3% 
0.47%

0.25% 
0.22%

ILC 2 ab-1(250GeV)

4 ab-1(500GeV)

2034-2049 
-2060

8.5% 
6.3%

1.8% 
0.58%

1.2% 
1.2%

1.9% 
0.74%

5.6% 
5.1%

1.8% 
0.34%

0.38% 
0.35%

CLIC
0.5ab-1(380GeV)

1.5ab-1(1.5TeV)


2 ab-1(3TeV)

2035-2042 
-2049 
-2057

4.6% 
4.2% 
4.2%

3% 
1% 

0.9%

6.2% 
2.3% 
1.9%

4.3% 
1.7% 
1.4%

N/A 
14.1% 
7.8%

1.4% 
0.9% 
0.9%

0.8% 
0.8% 
0.8%

‣ Higgs to weak gauge boson coupling                 → at 1% precision   

‣ Higgs to third generation fermion coupling         → at few % precision  

‣ Higgs to charm-quark coupling     → about 2% precision   

‣ Higgs to muon coupling                 → better than 10% precision 

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
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Outline of this talk
  

Summary

Summary

✦ The two recent discovery channels of the Higgs boson (APS highlights in 2018!)

    → Higgs production in association with top-quark pair


 → Higgs production in association with vector bosons, and Higgs to bottom-quark pair.  


✦ Higgs mass measurement reaches to 0.2% accuracy !


✦ Measurement precision on Higgs couplings at present

❖ ~ 10% uncertainty on coupling to weak gauge bosons

❖ ~ 20% uncertainty on coupling to the third generation fermions.


✦ Looking forward to doing precision measurements of Higgs coupling properties at future 
collider  → much better precision can be achieved !

https://link.springer.com/article/10.1007/JHEP12(2017)024
http://inspirehep.net/record/1644899
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://link.springer.com/article/10.1007/JHEP12(2017)024

