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The building of 
Standard Model



The nameof the game
Our job is to seethings simply , to understand a 
greatmany complicatedphenomenain a unified
way, in termsof a few simple principles. S. Weinberg 

Everythingshouldme made as simple as possible but not 
simpler. A. Einstein 

It doesn't matter how beautiful your theory is, it doesn't 
matter how smart you are. If it doesn't agree with 
experiment, it's wrong. R. Feynman



More than
100 yearsof 
discoveries Theory

Experiment

1895 1906 1917 1928 1939 1950 1961 1972 1983 1994 2005

Black body radiation

1900

SR, QM

1905

Bohr atom

1913

Pauli principle, spin hypothesis

1925

QFT

1927

Dirac equation, e+, P

1930

Yukawa theory for strong int.

1935

Majoranan

1937

QED, S matrix

1943

universality of Fermi weak int.

1947

Feynman QED

1948

Renormalization group

1953

Yang-Mills theories, CPT

1954

SU(3)

1959

Goldstone

1961

Higgsmechanism

1964

Color

1965

Gluon

1966

EW lagrangian

1967

Hypothesisof c

1970

Renormalizability of gauge field theories

1972

1897 1914 1931 1948 1965 1982 1999

e-

1896

gamma

1909

p

1919

strong interaction

1921

cosmic rays

1926

beta spectrum

1930

e+, n

1932

µ

1937

p±

1946

K±

1949

p0, K0

1950

 L, D

1951

X, S, ⱨe

1953

nand ⱨare different, ▬, s

1955

free antine

1956

C  and P violation in weak interactions

1957

V-A

1958

nµ

1962

CP violation

1964

Weak NC

1973

J/Y, charmedparticles

1974

 t, jets

1975

gluon jets

1979

Ws and Z

1983

Nn= 3, b particles

1990

top quark

1995

noscillations

1998

nt

2000

Higgs boson

2012

GSW 



Technology

1896 1906 1916 1926 1936 1946 1956 1966 1976 1986 1996 2006

Crookes' tubes, 
cathode rays

1896

Geiger counter

1906

cloud chamber

1910

coincidence method

1929

emulsions

1930

Cyclotron, 
Van de Graaff

1931

Tcherenkov

1934

betatron

1941

nuclear reactor

1943

synchrotron

1944

semi-conductor detectors, spark chamber

1949

liquid scintillator counters

1950

Bubble chamber

1953

flash tube chambers, first GeV linear acc

1955

Colliding beams

1956

Streamer chamber

1964

▬coolingring

1967

Multiwire proportional chamber

1968

beginning of the Si era

1970

Acc of polarized particles

1978

Progress in our knowledge of the content and dynamics 
of the Universe at the fundamental level requires 

intertwined theoretical, experimental and technological breakthroughs
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Dirac equation
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universality of Fermi weak int.
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Higgsmechanism
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EW lagrangian
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e+
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µ
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Weak NC
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Ws and Z
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Higgs boson

2012

GSW 

Theory

Experiment

Unexpectedoutput 
of theorydrives 
experimentaldiscovery

Unexpected
experimental
discoveryis
implemented
in theory

Back and forth
betweentheory
and experiments

Threeexamples



άaȅ equation was smarter than I ǿŀǎέ



MyequationwassmarterthanI was
Whenunexpectedoutput of theory drives experimental discovery
Context:
Quantum Field Theory= union of ᴐ(Galilean quantum formalism) and ὧ(classical relativistic 

formalism)Ý new length scale: ‗
ᴐ

, new domain of physics of 

Å high energies for which creation and annihilation of particles have to be possible
Å E=mc² gives the transformation rate between matter and energy
Å quantum mechanics deals with the probabilities governing the transformation.

Why fields? Varying number of particles for a system in evolution, and IŜƛƴǎŜƴōŜǊƎΩǎuncertainty principle forbids to 
localise objects too precisely so:
Å Lagrangiandescription (energy instead of applied forces)

Å Four time-space coordinate. Usual quantum formalism, ὢ= operator while ὸ= parameter, not Lorentz-covariant. If 

operator T, the Hamiltonian has no fundamental state Ýὢ= parameter, and operators = functions of ὼ Ý operator 
fields.

Ý Lagrangiandensities fl‰●ȟ‬‰●



5ƛǊŀŎΩǎequation
Non-relativistic quantum case, equation for a free particle: quantification of classical expression

Ὁ
ό
with: ὉᴼὭᴐ‬and ὴO Ὥᴐ‬Ý

ᴐ
​‪ ὭᴐȢ

Relativistic case, first try: Ὁόὴὧ ά ὧ Úὴὴ ά ὧ πÝ ​‪
ᴐ
ό‪Ý

fl ‬‬• άό• , rehabilitatedas the perfectlycorrect lagrangianfor a free spin 0 particle.

Order 2 with respect to time derivation

Relativistic case, second try: linearize by factorizing ὴὴ ά ὧ ‍ὴ άὧ‎ὴ άὧ. 

8 unknown parameters and constraints:no linear term in ὴ (Lorentz invariance) i.e. ‍=‎

Ý ‎ ρȟ‎ ρȟ‎‎ ‎‎ πfor ‗ ‖.

Brilliant solution:‎
π

π
‎

π „
„ π

░♬Ⱨ⸗Ⱨ □ ⱶ avec ⱶ

ⱶ
ⱶ
ⱶ
ⱶ

ⱶ═
ⱶ║



Solutions to 5ƛǊŀŎΩǎequation
Plane wavesolution at rest, then Lorentz boostto anymomentum:

ό Ὁ ά

ρ
π

ό Ὁ ά

π
ρ

ὺ Ὁ ά

π
ρ

ὺ Ὁ ά

ρ
π

« At first [Dirac] thought that the spin, or the intrisicangularmomentumthat the equationdemanded, wasthe key, and that
the spin wasthe fundamentalconsequenceof relativisticquantum mechanics. However, the puzzle of negativeenergiesthat
the equationpresented, whenit wassolved, eventuallyshowedthat the crucial ideanecessaryto wedquantum mechanicsand 
relativitytogetherwasthe existence of antiparticles. »

« If we defineP as the partity operatorwhichchanges the signof the threespatial directions, T as the time reversal operation
whichchanges the direction of the flow of time, and finallyC as charge conjugationwhichchanges particlesto antiparticlesand 
vice versa, then operating on a state with P and T is the sameas operating on the state with C, that isPT=C»

« In other wordsthisoperationPT whichchanges the signof everythingis reallya relativistictransformation, or rathera Lorentz 
transformation, extendedacrossthe spacelikeregionby demandingthat the energyisgreaterthan0. »

R. Feynman, The 1986 Dirac memoriallectures.



Antiparticles!
The four canonical solutions are: 

ό Ὁ άὧόȾὧ

ρ
π

ό

ό

, ό Ὁ άὧόȾὧ

π
ρ

ό

ό

ὺ Ὁ άὧόȾὧ

ό

ό

π
ρ

, ὺ Ὁ άὧόȾὧ

ό

ό

ρ
π

A particle can then be described by ‪ὼ ὥὩ Ȣόὼ and an anti-particle by ‪ὼ ὥὩ Ȣὺὼ.

5ƛǊŀŎΩǎ lagrangianis then ︡ ╓ ⱶ░♬Ⱨ⸗Ⱨ □ ⱶ(with (‪ ‪‎)



Discoveryof the positron 
In 1931, Dirac postulates antimatter.

In 1932, Carl Anderson discovers it!
Source: cosmic rays (Hess 1912)

Detector: cloud chamber (Wilson 1912)

Out of 1300 photographs, fifteen have 

positive tracks!

q < 2 qe and m < 20 me
Anderson, Physical Review43, 491 (1933)

Magnetic field + 
energy loss 
in the materialÝ
electrical charge

Lead plate to rule out 
the hypothesis of an 
electron travelling in 
the opposite direction



Antimattertimeline
1931, Dirac, antimatter, Quantised singularities in the electromagnetic field,133Proc. R. 
Soc. Lond. A

1932, Anderson, observation of positron, The Positive Electron, Physical Review43, 491 

1932, Blackett and Occhialini, electron-positron pair creation, Photography of 
Penetrating Corpuscular Radiation. Nature 130, 363 (1932)

1934, Joliot-Curie, b+ decay(and artificialradioactivity), Comptes rendus 
hebdomadaires des séances de l'Académie des sciences, 15 janvier 1934 

1955, Chamberlain & Segrè, antiproton, Observation of Antiprotons, Phys. Rev. 100, 947

1956, Cork et al., antineutron,  Antineutrons Producedfrom Antiprotons in Charge-
Exchange Collisions, Phys. Rev. 104, 1193 

1995,  Oelertet al., anti-hydrogen, Production of anti-hydrogen, Phys.Lett. B368 (1996) 
251-258



[ŜǘΩǎgo a little bit further
Gauge theoriese.g. Electromagnetism

Maxwell equations: ​ȢὉ ”É ​Ȣὄ πÉÉ​ Ὁ᷈ ÉÉÉ​ ὄ᷈ ᴆÉÖ

aƛƴƪƻǿǎƪƛΩǎformalism, anti-symmetrical rank 2 tensorὊ

π Ὁ
Ὁ π

Ὁ Ὁ

ὄ ὄ

Ὁ ὄ

Ὁ ὄ
π ὄ
ὄ π

and a 4-

vector ὐ ὧ”ȟᴆ

Equations (ii) and (iii) Ýὄ ​᷈ᴆὃand Ὁ ​‰
ᴆ
, with ‰scalar potential and ᴆὃvector 

potential. 

aƛƴƪƻǿǎƪƛΩǎformalism: Ὂ ‬ὃ ‬ὃ with ὃ ‰ȟᴆὃ

In terms of potentials, ‬‬ὃ ‬ ‬ὃ ὐ

Potentials determined up to a global gradient: ὃ ὃ ‬Ὢὼ follows also Ὂ ‬ὃᴂ
‬ὃᴂ. 

These changes of potentials which do not affect the fields are gauge transformations (‰ᴼ‰
ȟᴆὃᴼ ᴆὃ ​Ὢwhere Ὢis any function of the space-time coordinates).



Local invariance
fl  Ὥ‎‬ ά  invariant under global gauge transformation (U(1))  ὼᴼὩ  ὼ with aa global phase 

Locality (independence of distant points in space) Ý invariance by local phase change ὼᴼὩ  ὼ

Derivative part of the lagrangiantransforms like ‬ ὼᴼὩ Ὥή‬‌ὼ ‬  ὼÝ

the lagrangianof a free particle is not locally invariant.

To preserve local invariance, new gauge vector field, covariant derivative Ὀ  ‬  Ὥήὃ with ὃ ᴼὃ ‬‌.

fl  Ὥ‎Ὀ ά  invariant under local transformation.

Complete lagrangian: "free" term for the vector field fl Ὂ Ὂ
ό
ὃὃ with Ὂ ‬ὃ ‬ὃ (field 

tensor)

Ὂ Ὂ invariant by ὃ ᴼὃ ‬‌, but 
ό
ὃὃ ᴼ ὃ ‬‌ ὃ ‬‌

ό
ὃὃÝmassless field

This is electromagnetism!



A stepfurther
towardQED

fl ɰὭ‎Ὀ ά ɰ Ὂ Ὂ

Ú

fl ɰὭ‎‬ ά ɰ Ὂ Ὂ Ñɰ‎ɰὃ

e-

e+

ὐ
g

q

Free fermion Free photon Couplingof a Noether 
currentὐ Ñɰ‎ɰ

with gauge fieldὃ
and amplitude q

ɰ

ɰ

ὃ

QED elementaryvertex



Whatdidwelearn?
And what I did forgetǘƻ ƳŜƴǘƛƻƴΧ

Quantum dynamicsrequiresa description basedon a lagrangiandensity, functionof the fields and 
their first derivatives. Askthat it is

1. Invariant undersymmetries:
Lorentz-covariant, and local invariance for gauge symmetries

2. At mostquadraticin the fields(i.e. renormalizable)
3. Dealingwith positive energies

You get: particlesand their antiparticles, describdedby quantum numbers, in interaction with massless
gauge fields

space-time symmetryÝ spin, mass
Internalgauge symmetrieslikeU(1)Ý electriccharge

And conservation laws(bƻŜǘƘŜǊΩǎtheorem, «a monument of mathematicalthought» A. Einstein). 

1954: recipeby Yang&Millsto buildquantum dynamics

Summary: QED is a theory which is Abelian (commutative), gauged (invariance under continuous local 
phase change), renormalisable(valid to all orders). It describes interactions and propagation of a 
current (the electron), and of a gauge boson (the photon), which are coupled via the electric charge. 
The boson is massless which preserves gauge invariance and describes the infinite range of 
electromagnetic interactions.



``WhoorderedthatΚΩΩ



Whoorderedthat?
Unexpecteddiscoveryto implementin the model

Context: 
Rutherford: size of nuclei incompatible with Coulomb repulsion
Heisenberg: n and p bound by permanent electron exchange but this kind of exchange 
does not conserve spin.
1935, Yukawa: postulate of bosons exchanged between p and n in nuclei. 

Three spin 0 bosons in three states of charge
boson mass related to the range of the interaction, size of nuclei ~ 10-15 m Ým ~ 200 
MeV/c². 

ὴO ὲ“
ὲᴼὴ“
ὴO ὴ“
ὲᴼὲ“

p+

n

n

p+

p+



New cosmicrays
1936, observation of a new type of rays in a cloud chamber
with curvatureintermediatebetweenthoseof the electrons
and other types of particleslikep, in two charge states Ý

Mass greater than me but smaller than mp, hence their 
όǘŜƳǇƻǊŀǊȅύ ƴŀƳŜ άmesotronέΦ

C. D. Anderson and S. H. Neddermeyer, Cloud Chamber 
Observations of Cosmic Rays at 4300 Meters Elevation and Near 
Sea-Level

S. H. Neddermeyerand C. D. Anderson, Note on the Nature of 
Cosmic-Ray Particles

Confirmation in 1937:

J. C. Street and E. C. Stevenson, New Evidence for the Existence of a 
Particle of Mass Intermediate Between the Proton and Electron

me< m < mp



Mesotrons

Thesenew particlesdecay, their
lifetimeismeasuredby comparing
fluxes at differentaltitudes with
cloud chambers

B. Rossi, N. Hilberry, and J. Barton Hoag, 
The Variation of the Hard Component of 
Cosmic Rays with Height and the 
Disintegration of Mesotrons

t= 2,15 ± 0,07 ms



Leptons

1947, new detector developpedby C.Powell: photographicemulsions, which
allowto seeand time mesotronsdecaysand provethat thereare two types of 
mesotrons:

One sensitive to strong interaction (not a surprise)

One LEPTON(opposedto hadrons) relativelylight particlenot subjectto 
stronginteraction, just likethe electron. Totallyunexpected

« Whoorderedthat?» famouslyexclaimedI. Rabi



Muon vs pion

pion
Stronginteraction

­̄ (˃+ n)

t= 2,6 10-8 s

m = 139 MeV

muon 
Not sensitive to strong
interaction (no nuclear
capture)

­˃ e (+ 2n)

t= 2,2 10-6 s

m = 106 MeV



[ŜǘΩǎgo a little bit further
Weakinteraction:

Historical elements : 

1930 Pauli postulates the existence of the neutrino

1934 Fermi proposes a theory for ̡ decays, by analogy with QED fl ὐ ὼὐ ὼ, contact interaction 

characterized by a coupling constant GF = 10-5 GeV-2

1947 universality of weak interactions, one unique constant to take into account:

ω b- decay n­ p+ + e- + Ӷ’

ω b+ decay p+­ n + e++ne

ω Electron capturee- + p+­ n + ne

ω Muondecay ‘ ­Ὡ + Ӷ’+ n˃

ω Muoncapture ς˃+ p+­ n + n˃

n
p

▄

ⱨ▄

p

e n

n

GF

m

e

n

GF

n

m

p

n

GF

n



Muon neutrino
G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N. Mistry, M. 
Schwartz, and J. Steinberger, Observation of High-Energy Neutrino 
Reactions and the Existence of Two Kinds of Neutrinos

p­m+ n
n+ N ­m+ X
n+ N ­ e + X

30 GeV

5000 tonnes



Leptonicnumbers
By observing that neutrinos resulting from the disintegration of a pion into a muon 
can interact on nuclei to give muons and not electrons, physicists determine two new 
quantum numbers independently conserved: Ne and Nµ

The electron and the electron neutrino are the only ones with a non-zero electron 
lepton number, their antiparticles have an opposite number. This justifies that during 
a bdecay: ὲᴼὴ Ὡ Ӷ’an electronic antineutrino is emitted (experimentally 
verified, the particle in question interacts to give a positron and not an electron).

The muon and the muon neutrino share a muoniclepton number (this justifies that 
neutral pion decays do not give a muon and a positron).

Lepton Q Ne Nµ

Electron e-

Neutrino ’
-1
0

+1
+1

0
0

Muon µ-

Neutrino ’А

-1
0

0
0

+1
+1



Whatdidwelearn?
And whatveryimportant piecesI didǎƪƛǇΧ

AfterEM, the second pieceof the standard model are weakinteractions.

Particlesare arrangedin familiesor generations

More internalsymmetries(U(1) symmetrygroup): lepton numberfor ex.

Helicity = projection of spin on the direction of flight. A particle has a right-
handed helicity if its spin and momentum are in the same directions, left-
handed otherwise. Parity flips the helicity.

Maximum violation of עin weak interactions is accompanied by a maximal 
violation of ꜟ .

The weak interaction only concerns the (right)left part of the 
(anti)particles. It therefore only produces neutrinos of left helicity and anti-
neutrinos of right helicity. Since neutrinos are only sensitive to the weak 
interaction, they only exist a priori in this state!

E.g.: only the right antineutrinos exist. Their image by ע, left antineutrinos 
do not exist but their image by ꜟעleft neutrinos exist.

Wu, C. S.; Ambler, E.; Hayward, R. W.; Hoppes, D. D.; Hudson, R. P. (1957). "Experimental Test 
of Parity Conservation in Beta Decay". Physical Review. 105 (4): 1413ς1415

ⱨⱧ ⱨⱧ

ⱨⱧ ⱨⱧ

P

C
CP



ά²ƘŜƴ ȅƻǳ ƭƻƻƪ ŀǘ ŀ ǾŀŎǳǳƳ ƛƴ ŀ ǉǳŀƴǘǳƳ ǘƘŜƻǊȅ ƻŦ ŦƛŜƭŘǎΣ ƛǘ ƛǎƴΩǘ ŜȄŀŎǘƭȅ 
nothingΦέ



Whenyoulook at a vacuum in a quantum 
theoryof fields, it ƛǎƴΩǘexactlynothing.

Context:

Fermi theory + parity violation = good low-energy 
predictions. But Dimensioned coupling constant 
GF~10-5 GeV-2 Ý divergent cross sections at high 
energy (~100 GeV). Non-renormalisabletheory!

Solution proposed by Schwinger in 1957: replace 
contact interaction by the exchange of vector 
bosons.

Two types of charged currents are observed:

The bosons must be very massive to account for 
the short range of weak interactions. (100 GeV/c²)

˃

p n

GF

n

(smalldistances 
= high energy)

˃ n

p n

Wςg

g

e-’
ὐ

W-

n
e

ὐ

W+

g g



Electroweakunification
Theoreticalconstraint: building a weaklagrangian« à la QED» impliesa neutralintermediatevector
boson in addition to the two chargedonesneededto explainbeta decays(numberof generatorsof the 
symmetrygroup SU(2)):

Can it be the photon? Can electromagnetism be unified with weak interactions in a single symmetry 
group? No, because : 
Å The coupling amplitude with  W3 is the weak coupling which is different from the EM coupling...
Å The photon coupling is democratic between the left and right parts of the spinors.
However, there is an overlap between electromagnetism and the neutral 
current part of the weak interactions because of such diagrams 

e-’
ὐ

W-

n
e

ὐ

W+

g g

’

’

ὐ
W3

Ὡ

Ὡ

ὐ
W3

W3 g

Ὡ

Ὡ



Solution of Glashow, 
Salam and Weinberg
Introduce a new symmetryU(1) with vectorfieldB and charge Y, 

choosensothat the mixingbetweenW3 and B resultsin A, 

the photon. Symmetrygroup: SU(2)LxU(1)Y

Lagrangianfl ɰὭ‎Ὀɰ Ὂ Ὂ Ὃ Ὃ

Imposing local invariance:

Ὀ ‬ ὭὫὝὡ ὭὫ ὄ cov. derivative

ὫȟὫSU(2)LxU(1)Y                                   couplings

Ὂ ‬ὡ ‬ὡ Ὣ‐ὡ ὡ gauge tensors
Ὃ ‬ὄ ‬ὄ

And four IntermediateBoson Vectors(IVB)

ὡ , i=1,2,3 et ὄ

Double spinor

’
Ὡ
’
Ὡ

charge 1

π π π π
π ρ π π
π π π π
π π π ρ

fl

ὭӶὪ‎‬Ὢ
Ὣ

ς
’‎Ὡὡ Ὡ‎’ὡ

Ὣ

ςÃÏÓ—
ӶὪ‎ Ὣ Ὣ‎ Ὢὤ ὩӶὪ‎ὗὪὃ

ὡ ÃÏÓ— ὤ ÓÉÎ— ὃ
ὄ ÓÉÎ—ὤ ÃÏÓ— ὃ

Hypothesisof neutralvectorboson No mass term



Neutralcurrents
If theory right new neutral boson and prediction of ’ Ὡ ᴼ’ Ὡ

Observed at CERN in 1973 in GARGAMELLE bubble chamber (beam of muon neutrinos and muon 
antineutrinos on 6.3 m3 CF3Br).

NB: to be sure we test the NCs and not EM: neutrinos and leptonicnumbers.

nm

e e

nm



Chargedcurrents

nm

p X

m



SeArchfor Intermediatevectorbosons
Experiments at Gargamelle­ prediction of the Z 
and W bosons masses, of the order of 60-80 
GeV/c² for the W and 75-95 GeV/c² for the Z. 
Much too high to allow the use of the "cleanest" 
modes of production with the available 
accelerators of the time: 

ὩὩ ᴼὤȟὩὩ ᴼὡ ὡ

The solution is proposed by C. Rubbia and S. Van 
der Meer: beam of antiprotons, collisions ὴӶὴto 
have όӶὨᴼὡ ȟόὨᴼὡ ȟόόὨӶὨᴼὤ

The proton beam is the 450 GeV beam from the 
SPS at CERN.



Acceleratorsat CERN (beginningƻŦ улΩǎύ

Antiproton Accumulator(AA)



New type of detectors

UA2 experimentUA1 experiment



Z eventsin UA1
╩ᴼ▄▄

╩ᴼⱧⱧ



W eventin UA2

p

p

e

n

W



First observations and mass measurements
мфулΩǎ Υ /9wb producesa lot of ½Ωǎand ²Ωǎ

Collisions ὴ Ӷὴ@ 540 GeV

Measures: Life time, masses, decayrates,Χ

Fine tests of weakinteraction

But no mass terms in the Lagrangianfor intermediate bosons to preserve gauge invariance, but 
experimentally they have mass!

The introduction of mass terms would cause an explicit break in symmetry.

Gauge transformation for vectorbosons ὃ ᴼὃ ‬‌ὼ
ά ό

ς
ὃὃ ᴼ

ά

ς
ὃ ‬‌ὼ ὃ ‬‌ὼ

ά

ς
ὃὃ

Vectorbosons have to bemassless.

The solution: introduction of a spontaneous symmetry breaking mechanism, which gives masses to the 
heavy bosons and lets QED exact symmetry .



Mass termsfor gauge bosons

Mass correlatedwith polarisation and numberof degreesof freedom:

For a spin s, a massive particle has 2s+1 possible spin projections whereas a massless 
particle has only 2s possible spin projections

Spin 1, i.e. spin isa four-vectorbut one degreeof freedomis« taken» by gauge 
invariance: threepossible polarisations transverse and longitudinal 

If mass isnull anotherdegreeof freedomisforbiddenby specialrelativity



Goldstonetheroem
spontaneoussymmetrybreaking
Usualin condensedmatter physics.

At high temperature (or energy), matter is in a state having all the symmetries of the equations 
describing the motion of particles. At low temperature, matter may be in a state that does not have all 
of the symmetries of the microscopic equations, but only a subset of the complete symmetry group. 

In magnetic devices (ferromagnetic, ŀƴǘƛŦŜǊǊƻƳŀƎƴŜǘƛŎΧύΣ the rotational symmetry SO(3) of the 
magnetic moments is spontaneously broken. 

When the broken symmetry is a continuous symmetry, a massless particle, a Goldstone boson, 
appears.



BEGHHK mechanism
Brout-Englert-Guralnik-Hagen-Higgs-Kibble

In SU(2)L introduction of a complexdoublet of scalarfieldsɮ
•

•

Addthe «Higgspart » into the lagrangianfl Ὀɮ Ὀɮ ὠɮɮ

with╥♠♠ Ⱨ♠♠ ⱦ♠♠ ‘ȟ‗ π

Vacuum / πÝɮɮȿ Ȣ

ɮ
π

(to keep U(1)EM exact)

Vacuum expectation value of the Higgsfield ὺ/ ὺ ḳ

Choiceof a fundamentalstate  

= spontaneaoussymmetrybreaking.

Four scalar bosons: 
three massless Goldstone bosons = three degrees of 
freedom for the three weak interaction gauge bosons.
Photon remainsmassless
A scalar boson, Higgs, of unpredicted mass...

A scalar Higgs field with a non-zero ground state...
Even before Higgs boson discovery highly testable theory 
and renormalizable



SU(2) ÃU(1) + Higgs
1967 electroweaksector

Photon, electromagneticmediator, couplingproportionnalto charge

Massive W± and Z0, weakinteraction mediators

Higgsboson, couplingproportionnalto particlemass 

And Feynman rulesfor electroweaktheory

Particle/antiparticle
pairs for particle
with electriccharge

Wς
eς, ˃ ςΣ ŘΣ ǎΧ

Z0

All particle/antiparticle
pairs includingn,W±

H All particle/antiparticle
pairs includingH,Z,W±

ne, n˃Σ ǳΣ ŎΧ

g



Higgsboson discovery

F
a

cte
u
r 1

0 1
0

ÝColliderrequirements: high 
energyand high  luminosity



Muon spectrometer(– ςȟχ): air toroïdalmagnet+ muon
chambers. Trigger, identification and muon measurements.
Resolutionin pT:~10%at 1 TeVLength: 46 m

Diameter: 25 m
Weight: 7000 t
# channels: ~90 000 000

Innerdetector (– ςȟυ, 2T): Si 
pixels and strips+ TRT. Precisetrack
and vertex + separationὩȾ“.
Resolutionin pT: 
s/pT~3,8 10-4 pT (GeV) Ä0,015

EM calorimeter(– σȟς): Pb-Lar
accordionshaped.  trigger, 
identification and measurementsof  
ὩȾ‎. Resolutionin energie: 
(̀E)/E ~мл҈κҞ9όGeV)

Hadroniccalorimeters(– τȟω): 
Fer/scintillatorsand Cu/W-Lar. Trigger and 
measurementsof jets and missingET. 
Energyresolution:  
ό̀9ύκ9 Ґ рл҈κҞ9όGeV) Ä0,03

3 leveltrigger: 
40 MHz ­~200 Hz





2012 discoveryH­ggchannel 2012 discoveryH ­ZZ*­4l channel



"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"



Whatdidwelearn?
EW unification has many implications:

Before a phase transition sometimes in the history of the very early Universe, electric, magnetic 
and weak interactions were unified, and described by the same symmetry group

There exists a neutral boson, Z

Many relations between parameters, which can be checked experimentally

It is a renormalisabletheory

Weakbosons are massive

EWSB:
U(1)EM exact, masslessvectorboson, SU(2)L Weakwith threemassive vectorsbosons

One scalarmassive boson

Fermions masses throughYukawacouplings



Experimentaltests 
of the standard 
model of particle
physics
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1. QED Lamb shift

Hydrogenfine structure:

The electron charge is screened by the virtual e+e- pairs, so there is a 
change in charge at small distances and QED predicts a shift between the 
2s1/2 and 2p1/2 H atom levels predicted at the same energy by 
Schrödinger's equation

DEth = 1057,864 ± 0,014 MHz©1997
DEexp= 1057,862 ± 0,020 MHz©1997

+ +

p e p e p e



2. QCD color
What about the D++ spin 3/2 baryon (uuu) (¬¬¬)?

1965 introduction of the colorquantum number

Experimentally: 

Rhad =s(e+eς­ had.) / s(e+eς­ +˃ ς˃) 
В

В if no colournumber

For u, d, s, expected2/3 observed2

For u, d, s, c expected10/9 observedмлκо ŜǘŎΧ

qe qi

e+

eς

eς˃ ςόὨί

e+ +˃ όӶὨӶί

Rhad σВ

Nc



3. QCD quarks

1969: Friedman, Kendal, Taylor (et al.) see a deviation in the 
scattering of electrons on protons that can be explained by the 
existence of "partons" in the proton. Like Rutherford's experiment 
proving existence of nucleus.

Protons have a "ǎǘǊǳŎǘǳǊŜάΥ ǉǳŀǊƪǎ 

At SLAC, 2 miles linearacceleratorwith 20 GeVelectrons.

Exampleof strongdecayat quark levelɝ ᴼὴ “

u
u

u

u
u

u

d
d

p

p+

ɝ



4. QCD gluons
Gluon self-couplingÝ no free quark but jets.

At DESY in 1979, at the PETRA collider, four detectors MARK J, PLUTO, 
TASSO and JADE @ collision energies of 27 GeV.



6. Internalconsistencyof the SM
Global fits of the standard model consistent to within 3 standard deviations or fits with a subset of parameters


