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Electroweak Interaction Before the SM (1)

Quantum Electrodynamics (QED)
q Foundations established by Dirac in 1927
q Astonishing agreement with the experimental results

§ The best theory we have!
q Became a prototype for the construction of new model

Weak Interactions
q Fermi proposes the first field theory description of the beta decay in 1934

§ Employs the neutrino recently proposed by Pauli
§ Loosely inspired by QED

q Schwinger (1957): Interaction is transmitted by a IVB:
§ Charged: charge-changing currents. 
§ Very massive: short range
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Electroweak Interaction Before the SM (2)

Became quite successful after some improvements:
q (V – A) structure (Lee & Yang, Wu, Feynman & Gell-Mann)
q Strangeness  (Cabibbo)
q Quark model (Gell-Mann & Zweig)

Describes very-well the low energy phenomena
q However, the theory violates unitarity for E ~ 500 GeV
q Theory becomes inconsistent

Several attempts to construct a consistent model:
q Glashow (1961): 

§ Describe weak and electromagnetic interactions in a unified way
§ First introduction of the neutral intermediate weak boson Z0

§ The vector boson mass was introduced by hand
o Theory was not renormalizable!



Sheldon Lee Glashow 
In Memoriam: Steven Weinberg 

4 https://inference-review.com/article/in-memoriam-steven-weinberg



q Describe weak and EM  interactions in a 
unified way

q First introduction of the neutral 
intermediate weak boson Z0

q Defines a misture of O3 (A3) e S (B) via 
the “Weinberg angle” (!W)

q Three large questions remained:
§ How did the weak interaction 

intermediaries acquire their mass?
§ Could the model describe nuclear 

particles as well as leptons? 
§ Was the theory renormalizable and 

hence mathematically consistent? 
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On the Spontaneous Symmetry Breaking 

q The SSB occurs in a uniform medium consisting of a large number of elements. 
§ Ferromagnetic materials:
o Above the Curie temperature is spatially invariant: magnetization = 0
o Below the Curie temperature magnetization acquires a constant 

nonvanishing value point in a certain direction. 
The residual rotational symmetries, which leave the 
orientation of this vector invariant, remain unbroken.

§ Crystals: 
o Periodic arrays of atoms that are not invariant under all translations 
o Invariant only under a small subset of translations by a lattice vector 
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1.3 Spontaneous Symmetry Breaking

Exact symmetries give rise, in general, to exact conservation laws.
In this case both the Lagrangian and the vacuum (the ground state of
the theory) are invariant. However, there are some conservation laws
which are not exact, e.g. isospin, strangeness, etc. These situations can
be described by adding to the invariant Lagrangian (Lsym) a small term
that breaks this symmetry (Lsb),

L = Lsym + " Lsb .

Another situation occurs when the system has a Lagrangian that is
invariant and a non–invariant vacuum. A classic example of the sit-
uation is provided by a ferromagnet where the Lagrangian describing
the spin–spin interaction is invariant under tridimensional rotations.
For temperatures above the ferromagnetic transition temperature (TC)
the spin system is completely disordered (paramagnetic phase), and
therefore the vacuum is also SO(3) invariant [see Fig. 2(a)].

However, for temperatures below TC (ferromagnetic phase) a spon-
taneous magnetisation of the system occurs, aligning the spins in some
specific direction [see Fig. 2(b)]. In this case, the vacuum is not invari-
ant under the SO(3) group. This symmetry is broken to SO(2), repre-
senting the rotation of the whole system around the spin directions.
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Fig. 2: Representation of the spin orientation in the
paramagnetic (a) and ferromagnetic (b) phases.
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q The formal similarity of the Bogoliubov-Valatin equation to the Dirac equation naturally 
led me to transport the BCS theory to particle physics. 

q The gap (BCS) goes over to the mass M, which breaks chirality γ5 rather than the 
ordinary charge ~1. 

q The axial current is the analog of the electromagnetic vector current in the BCS theory. 
q So chiral symmetry is compatible with a finite nucleon mass M provided that there exists 

a massless pseudoscalar NG boson. Τhere is a pseudoscalar pion, and the vector and 
axial vector interactions that appear in weak decays of the nucleons and the pion 

q In view of the smallness of mπ compared to M, I made the hypothesis that the axial 
current is an approximately conserved quantity, the nucleon mass is generated by an SSB 
of chirality, and the pion is the corresponding NG boson which should become massless 
in the limit of exact conservation. Proton and neutron masses should also become equal.
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Τhe Goldstone Theorem

q When an exact continuous global symmetry is spontaneously broken, i.e.,
it is not a symmetry of the physical vacuum; the theory contains one 
massless scalar particle for each broken generator of the original symmetry 
group. 

q The unavoidable GB prevented the use of the SSB
q A solid field theory result 

§ Proven by Goldstone, Salam, Weinberg (1961) 
§ Rigorous algebraic proof by Kastler, Robinson and Swieca (1962).

G(N )→ g(n)
⇓

(N − n)GB



Englert-Brout-Higgs-Guralnik-Hagen-Kibble Mechanism

A Field Theory with spontaneous symmetry breakdown, 
without massless GB, and with massive vector boson .

q F. Englert and R. Brout,
§ Phys. Rev. Lett.13, 321-323 (26/Jun/1964) 

q P. W. Higgs, 
§ Phys. Lett. 12, 132-133 (27/Jul/1964)

q Peter W. Higgs,
§ Phys. Rev. Lett.13, 508-509 (31/Aug/1964) [1st version rejected in PLB]

q G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble,
§ Phys. Rev. Lett. 13, 585-587 (12/Oct/1964)
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q Theories with degenerate vacuum (broken symmetry) have 
been the subject of intensive study since their inception by 
Nambu. 

q A characteristic feature of such theories is the possible 
existence of zero-mass bosons which tend to restore the 
symmetry. 

q We shall show that it is precisely these singularities which 
maintain the gauge invariance of the theory, despite the fact 
that the vector meson acquires mass. 
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The Breakthrough: 2½ pages, 18,515 citations, 1 NP
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Weinberg Nobel Lecture (1980)

…



Formulation of Standard Model 

SM (Weinberg, 1967) 
§ Takes exactly the Glashow model
§ Adds the concept of SSB and Higgs mechanism
§ Estimation of W and Z masses
§ Suggests ways to verify the existence of neutral currents

q Led to 48 years of experiments and to the construction of 9 accelerators:
§ ISR, PETRA, SppS, TRISTAN, Tevatron, LEP, SLC, HERA, LHC, …



Standard Model Interactions



Following Years: Success!

1970
q Glashow, Iliopoulos and Maiani

§ Proposal of charm quark (GIM mechanism)
1971
q 't Hooft: 

§ Proof of renormalizability of Yang-Mills theory with SSB invariance
1973—1974
q Hasert et al. (CERN)

§ Experimental indication of the existence of weak neutral currents.
q Benvenuti et al. (Fermilab): 

§ Confirmation of the existence of weak neutral currents
1983
q Arnison et al. (UA1 Collab.) and  Banner et al. (UA2 Collab.): 

§ Discovery of W and Z produced on-shell in proton-antiproton collisions



The Search for the Higgs Starts
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Reproduces the low energy phenomenology. 
The amplitudes respect unitarity bounds.
GIM mechanism requires family structure.
CP violation described by the CKM matrix.

Predicts weak interaction via neutral current.
Predicts the mass of the vector bosons (W and Z).
Predicts the existence of at least one Higgs boson.

Existence of W and Z were confirmed.
The existence of three families was established.
CP violation found also in the third generation.

Just the Higgs boson was missing!



With the simplest scenarios for New Physics being ruled out,
and plenty of models on the market, 

none of which is compelling,
the status of theory is best summarized as

CONFUSION
Physics is again experimental science.

V. Rubakov
Alushta 2012



The Era LEP: A Decade of Precision Tests
Measurement Fit |Omeas-Ofit|/smeas

0 1 2 3

0 1 2 3

Dahad(mZ)Da(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
GZ [GeV]GZ [GeV] 2.4952 ± 0.0023 2.4959
shad [nb]s0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pt)Al(Pt) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2qeffsin2qlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
GW [GeV]GW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012



Higgs Expectations on March 2012

The LEP Electroweak WG
q Data from LEP, SLD, CDF, and D0, 

as a function of the MH

q LEP-2 direct search limit 114 GeV
q LHC exclude 127 — 600 GeV 
q Best value at 1 sigma (68% CL)

§ 94 + 29 – 24 GeV 
§ = 70 — 123 GeV
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LHC Higgs Boson Production Mechanisms



Higgs Boson Decay Channels

q 5 Channels

§ WW
§ ZZ

§ bb
§ ττ
§ ϒϒ

q Good mass resolution
§ ZZ à 4l
§ ϒϒ



328 J. Ellis et al. / Higgs boson 

+ crossed graphs (k, .p-- k, .v ) + 0 t-$ 1 
w 

Fig. 17. Feynman diagrams for fw. 
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pp→ gg→ H → γγ



H à γγ
Candidate
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H → ZZ * → 4
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High-Mass Resolution Channels: γγ + 4l 
4th July 2012

γγ:  
q 4.1 σ excess

4 leptons: 
q 3.2 σ excess

Near the same mass 125 GeV
Combined Significance: 

5.0 σ



CMS Conclusion

A new boson was observed 
with a mass of

125.3 ± 0.4 (stat) ± 0.5 (syst) GeV
at significance level of 

5 σ



CERN — Geneva

ICHEP — Melbourne

SPRACE — São Paulo

4/July/2012



1964 — 2012 = 48 years



A Long Journey
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The Nobel 
Prize in 
Physics 2013

8/October/2013
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The minimal SM Higgs: 
what was considered just as a toy model, 

a temporary addendum to the gauge part of the SM, 
is now promoted to the real thing.

Guido Altarelli
Nobel Symposium on LHC results

May 2013  



Now this is not the end.
It is not even the beginning of the end.

But it is, perhaps, 
the end of the beginning.

Winston Churchill
London, 9 November 1942.

Just after the 2nd Battle of El Alamein (Egypt)


