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Particle physics in 2022
• Particle physicists aim at:

• Finding all elementary 
constituents of matter

• Mathematical formulation  
of their interaction

• More than 100 years to 
complete the Standard Model of 
Particle Physics (SM)

• The Higgs boson took  
>50 years from prediction 
(60s) to discovery (2012)!

• Next week we celebrate  
10 years from the Higgs boson  
discovery (July 4th, 2012)!

• CERN symposium

https://indico.cern.ch/event/1135177/timetable/


3

Particle physics
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• Until 2012, the Higgs Boson  
particle was missing in this  
picture! 
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Particle physics
• The main goal:

• Find all elementary 
constituents of matter

• Describe/predict in a 
mathematically rigorous 
way their interactions 

• Until 2012, the Higgs Boson  
particle was missing in this  
picture! 

• This is not “just” another 
particle.  The Higgs Boson  
is “central” to our  
understanding of nature.

?
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Nature around us: nuclei
[© Keith Gibbs 2021]

• Up and Down quarks  
make up the nuclei of all 
known elements in nature

• They are kept together by  
the strong force (gluons)

• Scale: 10-15 m (1 Fermi)
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Nature around us: electrons

• Electrons added to nuclei  
make up the atoms.

• Scale: 10-10 m (1 Angstrom)
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Forces: electromagnetism

• Photons make up from  
radio waves to gamma  
rays, passing through  
visible light.
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Forces: “weak” force

• Radioactive nuclear  
decays (happening even 
in our body)
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A beautiful theory…
• Allows impressively precise predictions.

• Example:

• Magnetic moment  of an electron (spin=1/2 particle)  
in multiples of the Bohr Magneton (μB)

Classical -0.5

Dirac -1

Full theory -1.00115965218178(77)

Most precise prediction in physics !!
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…matched by incredible 
experimental precision…

Classical -0.5

Dirac -1

Full theory -1.00115965218178(77)

Measurement -1.00115965218076(28)Precision ~10-15
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…with one big problem
• To obtain super precise predictions, particle theorists  

compute millions of ‘so-called’ Feynman diagrams 
 
 
 
 
 
 
 
 
 
 

• Everything works fine if they only consider a  
theory where all particles have no mass.

• But, if they add masses to the particles, many of  
these Feynman diagrams become infinite,  
spoiling theory predictions.
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Peter Higgs’s idea (1963)

A new field (“Higgs”) which permeates space.
[© 1996-2021 CERN - Georges Boixader]



15

Peter Higgs’s idea (1963)

If a massive particle enters the Higgs Field…
[© 1996-2021 CERN - Georges Boixader]
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Peter Higgs’s idea (1963)

…it is slowed down by the field, i.e. it acquires mass.
[© 1996-2021 CERN - Georges Boixader]
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The Higgs Boson
• If the Higgs Field really exists, it can also manifest itself in the form of a newly 

predicted fundamental particle, the Higgs Boson.

• So, experimental physicists have been desperately looking for this particle for 
decades, since proving its existence explains how elementary particles get their 
mass (no stable atom would exist if the electron would not have mass!)

• However:

• The theory did not predict what the mass of  
the Higgs Boson would be - physicists had  
no clue exactly where to look for

• Higgs Bosons are very rare - any search for  
the Higgs Boson turns out to be the search  
for a needle in a huge haystack

50 years
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After 50 years, Higgs Boson Discovery  
announced at CERN! (July 4th, 2012)
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mH ~ 125 GeV  
(125 times heaver  

than a proton)
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•Some of my colleagues/friends queued for an 
entire night to be in the CERN Auditorium!

•But many others (like me) were at the ICHEP 
conference in Melbourne, to present those 
results! 

Fabiola Gianotti 
(at that time ATLAS  
spokesperson,  
today first ever CERN 
General Director for two 
mandates in a row) 
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How did we make it?
• The most powerful accelerator and particle collider on Earth:  

the LHC (Large Hadron Collider) 
 
 
 
 
 
 
 
 

• Two giant and very sophisticated particle  
physics detectors:  ATLAS and CMS

• Two collaborations of many  
thousands of physicists!

proton proton

E=6.5 TeV E=6.5 TeVE = m · c2
quark (or gluon) quark (or gluon)
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The Large Hadron Collider  
at CERN
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The Large Hadron Collider  
at CERN

• 17 miles ring, 300 feet underground
• Collision energy:  13,000x times proton mass
• Proton bunches collide 40 million times per 

second 
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The Large Hadron Collider  
at CERN

• 17 miles ring, 300 feet underground
• Collision energy:  13,000x times proton mass
• Proton bunches collide 40 million times per 

second 
 

pp

B = 8 T 
(100000x Earth’s magnetic field)



pp ⃗F = q ⃗v × ⃗B

@www.lhc-closer.es 
(X. Vidal, R. Manzano)

Center of ring

http://www.lhc-closer.es
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The ATLAS Detector



27 ~10cm

~15μm

μ

μ

65 vertices

~35mm

• The inner tracking detectors allow to take a “picture” of what happened  
at the very center of the detector during a collision:

• First challenge:

• Finding the most “interesting” event in all the noise !!
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• Second challenge:

• Find out which type of particles were produced



How do we “see” a Higgs Boson?
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• If the theory was right, we expected around 1 every billion of collisions at the LHC 
to be containing a Higgs Boson.

• However, the Higgs Boson is a very unstable particle and decays within 10-22 seconds.  
Decay means that it disappears (at the center of the detector), and its energy goes into 
other particles:

bb
58.2% 

cc
2.9% 

tt
6.3% 

µµ
0.02% 

WW*
21.4% 

ZZ*
2.6% 

gg
8.2% 

gg
0.23% 

Zg
0.15% 

1.1% (e,µ)

0.012% (e,µ)

0.008% (e,µ)
• There are a lot of ways the Higgs particle  

can decay!

• Next we will focus on Higgs Boson decays to  
two photons (light particles!)

• Yes, it is only 0.23% of the Higgs Boson  
decays!

• But two highly energetic light particles  
provide an incredibly “clean signature”  
in the detector…
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A “picture” (event display) of what was likely a Higgs Boson to di-photon decay  
in the CMS detector. 

The “diphoton” signature
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How do we know it was a Higgs Boson?

⃗p 1⃗p 2 Momenta of the  
two photons
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How do we know it was a Higgs Boson?

⃗p 1⃗p 2

mγγ = 2 | ⃗p 1 | | ⃗p 2 | (1 − cos(θγγ))• For each di-photon event, we measure: 

θγγ
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Relation based on special relativity

⃗p 1⃗p 2

mγγ = 2 | ⃗p 1 | | ⃗p 2 | (1 − cos(θγγ))

• Each particle, has a 4-momentum, a 4-vector with the 

• time component = energy (divided by c), 

• spacial component = spacial momentum

•        ,        

• However for particles with no mass, like photons,  
the energy is equal to the absolute value of the momentum (x c):

•
• The “invariant” mass of the two-particle system (with c=1) is:

•  

= 

• Which gives

pμ
1 = (E1/c, ⃗p 1) pμ

2 = (E2/c, ⃗p 2)

E = m2
0c4 + | ⃗p |2 c2 = | ⃗p |c

m2
1+2 = (p1 + p2)μ(p1 + p2)μ = p1μpμ

1 + p2μpμ
2 + 2p1μpμ

2 =

m2
1 + m2

2 + 2 (E1E2 − ⃗p 1 ⋅ ⃗p 2)
2 | ⃗p 1 | | ⃗p 2 | (1 − cos(θγγ))

θγγ
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• Select collision events with two very energetic photons

• For each event, measure mγγ and add it to a histogram

• Collect as much data as you can, and look for a bump at the Higgs Boson mass!!

The “discovery” in a nutshell
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• Select collision events with two very energetic photons

• For each event, measure mγγ and add it to a histogram

• Collect as much data as you can, and look for a bump at the Higgs Boson mass!!

The “discovery” in a nutshell

[R. Brout] 
F. Englert 
P. Higgs
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Confirmation in decay into four leptons
μ

μ

μμ
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Confirmation in decay into four leptons
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http://www.phdcomics.com/higgs/
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Great, we have discovered a new 
fundamental particle! Now what?

• When you have found something, you want to understand exactly what  
it is that you have found!  (quote)

• Since the discovery, we are measuring in detail: 

• Mass and Width

• Spin/Parity properties

• “Coupling” to other particles

• This means how likely the  
Higgs boson is to interact to  
another particle

• To do this, many groups of  
physicists looked at measuring all accessible  
ways to produce a Higgs boson  
and to let the Higgs boson decay  

Production

D
ec

ay

for the simulation of the underlying event, parton showering and hadronisation (referred to as the shower-
ing program). The Higgs boson transverse momentum distribution from ggF production is reweighted
to match the calculation of HRes2.1 [41, 42], which includes QCD corrections up to the next-to-next-
to-leading order (NNLO) and next-to-next-to-leading logarithm (NNLL) in perturbative expansions. Fur-
thermore, ggF events with two or more jets are reweighted to match the transverse momentum distribution
from MiNLO HJJ predictions [43]. The WH and ZH (qq̄! ZH) production processes are simulated with
the leading-order (LO) Pythia8 program. The gg ! ZH process contributes approximately 8% to the
total ZH production cross section in the SM. For most of the analyses, the process is modelled using
qq̄ ! ZH of Pythia8. Only the VH analysis in the H ! bb̄ decay mode specifically models gg ! ZH
production using Powheg [36–38] interfaced to Pythia8. The ttH process is modelled using the NLO
calculation in the HELAC-Oneloop package [44] interfaced to Powheg and Pythia8 for the subsequent
simulation. The tH production process is simulated using MadGraph [45] interfaced to Pythia8 for
qb ! tHq0 and using MadGraph5_aMC@NLO [26] interfaced to Herwig++ [46] for gb ! WtH. The
bbH production process contributes approximately 1% [47] to the total Higgs boson cross section in the
SM. It is simulated with the MadGraph5_aMC@NLO program for some analyses. The event kinematics
of ggF and bbH production are found to be similar for analysis categories that are most important for
bbH. Thus the e�ciency for bbH is assumed to be the same as for ggF for all analyses. The PDF sets
used in the event generations are CT10 [48] and CTEQ6L1 [49]. All Higgs boson decays are simulated
by the showering programs. The predicted Higgs boson yields in the SM are calculated using the cross
sections and branching ratios shown in Table 1.

Table 2: Summary of event generators, showering programs and PDF sets used to model the Higgs boson production
and decays at

p
s = 8 TeV.

Production Event Showering PDF
process generator program set

ggF Powheg Pythia6/Pythia8 CT10
VBF Powheg Pythia6/Pythia8 CT10
WH Pythia8 Pythia8 CTEQ6L1
ZH : qq̄! ZH Pythia8 Pythia8 CTEQ6L1
ZH : gg! ZH Powheg Pythia8 CT10
ttH Powheg Pythia8 CT10
bbH MadGraph5_aMC@NLO Herwig++ CT10
tH : qb! tHq0 MadGraph Pythia8 CT10
tH : gb! WtH MadGraph5_aMC@NLO Herwig++ CT10

Throughout this paper, the signal-strength parameter µ is defined as the ratio of the measured Higgs boson
yield to its SM expectation:

µ =
� ⇥ BR

(� ⇥ BR)SM
. (1)

Here � is the production cross section of the Higgs boson. For a specific production process i and decay
channel f , i.e., i! H ! f , the signal-strength parameter is labelled as µ f

i and can be factorised in terms
of the signal strengths of production (µi) and decay (µ f ):

µ f
i =

�i ⇥ BR f

(�i ⇥ BR f )SM
⌘ µi ⇥ µ f , with µi =

�i

(�i)SM
and µ f =

BR f

(BR f )SM
. (2)

4

https://home.cern/news/series/lhc-physics-ten/higgs-boson-revealing-natures-secrets
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How do theorists make predictions?
• They start from the  

Quantum Field Theory  
of the Standard Model 
(SM Lagrangian) 

• Then they compute the interaction  
probabilities (cross-sections or  
branching ratios)  

• This selects specific Feynman diagrams out of the Lagrangian/Hamiltonian, their  
coefficients determine how strong the interaction is (couplings). For the  
Higgs Boson there are two categories of such diagrams:  

σHiggs ∝ |⟨Higgs + X |Hint |pp⟩ |2

BRZZ ∝ |⟨ZZ |Hint |H⟩ |2

Couplings to  
massive vector  
bosons (  )∝ M2

V

Couplings to  
massive fermions  
(  )∝ Mf
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How does it look like for √s ~ 13 TeV and m(Higgs)=125 GeV?

Production modes

q / g

q / g

σ (13 TeV) 
Run-2

48.5pb

3.8pb 

2.25pb 

0.5pb

proton

proton

Events in Run-2

~500k

~300k

 
~70k

~6.9M

How often is a Higgs Boson produced?

Nevt = σ ⋅ Luminosity

1 barn = 10-24 cm2
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Latest Higgs boson measurements (2021)
• The precision of the measurements  

differs from channel to channel  
(production x decay)

• All measurements are compatible  
with the Standard Model prediction  
(~1)

• The global probability for the  
Standard Model to be compatible  
with the data is >79%.

• These results can be translated into  
a measurement of the Higgs boson  
couplings (modifiers ) based on  
production cross-section and decay  
branching ratios:

κi

μ =

σi→H→f =
σi(κj) ⋅ Γf(κj)

ΓH(κj)
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Great, there is a new particle! Is it really the 
Higgs Boson predicted by Higgs?

• We measured the Higgs boson  
couplings down to ~5-10% precision.

• So far, everything is in impressive  
agreement with the predictions.

• This is at the same time an  
incredible success, and  
an incredible disappointment!

• But: 

• The next big surprise could be  
just around the corner!
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So: are we done?

• “Luckily” (or unfortunately??) not!

• There are important physical phenomena features

• No!

+

Standard Model General relativity

=

Physics 
phenomena  

across 
universe?

• From cosmological observations we know 
that the Standard Model only describes  
about 5% of today’s universe

• Dark Matter (~25%) could be in the 
form of particles, and interacting very 
weakly with matter
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Plenty of questions…
• “Luckily” (or unfortunately??) not!

• There are important physical phenomena features• In addition, the SM cannot explain:

• Neutrino masses

• Large matter-antimatter asymmetry observed in the universe

• The mass hierarchy and the parameters of the SM

• Hierarchy problem  

• Quantum theory of gravity

• …

• …

• ….. many many more….
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Collision from LHC Run-3:  The  
Quest for the Unknown restarted!

May 28th, 2022



Backup

47
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SM: Challenges and successes 
• Typical problem in particle physics:

• What is the probability that  

• But:

• No analytic solution to the Standard Model theory exists.

• Usual solution:  use perturbation theory

• Switch all interactions to zero,  and solve the theory assuming only “free particles” 

• Then compute interactions an an expansion in the fermion-boson coupling constant α 
 
 
 

• The number of “N” can scale ~exponentially with the number of hours theorists dedicate  
to these (important) computations.

{particles X}
turn into

{particles Y}

Probability = ↵ A0 + ↵2 A1 + ↵3 A2 + ...

LO NLO NNLO …
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Plenty of questions…
• “Luckily” (or unfortunately??) not!

• There are important physical phenomena features• In addition, the SM cannot explain:

• Neutrino masses

• Can be added to the SM: but are they Dirac or Majorana? And what is their mass?
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Plenty of questions…
• “Luckily” (or unfortunately??) not!

• There are important physical phenomena features• In addition, the SM cannot explain:

• Neutrino masses

• Large matter-antimatter asymmetry observed in the universe

• Are sources of CP violation in SM enough? (Sakarov conditions)
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Plenty of questions…
• “Luckily” (or unfortunately??) not!

• There are important physical phenomena features• In addition, the SM cannot explain:

• Neutrino masses

• Large matter-antimatter  
asymmetry observed in  
the universe

• The mass hierarchy and  
parameters of the SM

Why is the mass so large? 

Leptons 

Quarks 

up 

down 

charm 

strange bottom 

top 

electron muon tau 

νe νμ ντ 

~0 ~0 ~0 
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Plenty of questions…
• “Luckily” (or unfortunately??) not!

• There are important physical phenomena features• In addition, the SM cannot explain:

• Neutrino masses

• Large matter-antimatter asymmetry observed in the universe

• The mass hierarchy and the parameters of the SM

• Hierarchy problem

O(100GeV) = �O(1019GeV) +O(1019GeV)

The physical measured mass is obtained through  
a huge and unnatural cancellation…

m2
H

⇡ m2
H,bare + ⇤2
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Plenty of questions…
• “Luckily” (or unfortunately??) not!

• There are important physical phenomena features• In addition, the SM cannot explain:

• Neutrino masses

• Large matter-antimatter asymmetry observed in the universe

• The mass hierarchy and the parameters of the SM

• Hierarchy problem 

• Quantum theory of gravity 
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Plenty of questions…
• “Luckily” (or unfortunately??) not!

• There are important physical phenomena features• In addition, the SM cannot explain:

• Neutrino masses

• Large matter-antimatter asymmetry observed in the universe

• The mass hierarchy and the parameters of the SM

• Hierarchy problem  

• Quantum theory of gravity

• …

• …

• ….. many many more….



Advanced topics

• Higgs Field in QFT 
(from my Graduate Particle Physics 
Course)
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Reminder - SM interactions







The Higgs mechanism

Notice that if we choose 
Y/2 = 1/2 for the Higgs  
doublet, then: 
 
 
 

We choose Y/2=1/2  
so that down-comp. of 
Higgs field is neutral! 

Q =
Y
2

+ T3 =
Y
2

± 1
2

+ +i i



The Higgs mechanism (II)
(only kinetic part now)



An important relation



Higgs potential V(φ)
(only potential part now)

• So the Lagrangian terms (kinetic + potential) that include the Higgs terms  
are:

• In addition to kinetic and mass term for the Higgs boson, the other terms  
represent interaction terms between the Higgs boson and other Standard  
Model particles.



Feynman diagrams



Fermion masses
• While boson masses arise from the covariant derivatives, fermion masses need 

to be added “ad-hoc”

coupling proportional  
to fermion mass


