Nohel prize winning research

The Higgs boson

Predicted theoretically in 1964 by Robert Brout, Francois Englert
and, independently, by Peter Higgs, the Higgs boson is a
fundamental ingredient of the universe because it is the particle that
provides mass to all other elementary particles. For decades it was
the missing piece of the mosaic of the Standard Model, the theory
that describes the elementary particles and the fundamental forces
regulating their interactions. In 2012, the ATLAS and CMS
experiments at the CERN's LHC accelerator announced the discovery
of the Higgs boson, observed in the collision between high-energy
proton beams occurring in the 27 km long LHC superconducting ring.
In 2013, Englert and Higgs were awarded the Nobel Prize for their
theory. INFN coordinates the Italian contribution at CERN and
participates with a community of over 800 researchers and
technicians, working on experiments at CERN and often holding
positions of responsibility in the large international collaboration.

Gravitational waves

Predicted by Albert Einstein's theory of General Relativity in 1916,
gravitational waves are ripples in the spacetime permeating our
universe.

They are generated by all accelerated moving masses, and they
propagate at the speed of light. But, since the deformations that
they produce are infinitesimal, our instruments are able to detect
only those produced by large cosmic cataclysms, like the fusion of
black holes or neutron stars. That is why it took a century of
scientific and technological innovation for their discovery,
announced in 2016 by the physicists of the LIGO and Virgo Scientific
Collaborations. In 2017, Kip Thorne, Rainer Weiss and Barry Barish,
researchers received the Nobel Prize for their contribution to the
experimental project. LIGO (in the United States) and Virgo (in Italy,
near Pisa, at the European Gravitational Observatory, EGO) are
gigantic laser interferometers, consisting of two perpendicular arms
a few kilometres long. INFN co-founded the VIRGO project, and now
is engaged in the design of the European next generation
interferometer that Italy is candidate to host in Sardinia, in the area
of the Sos Enattos mine.

From elementary particles to complexity

This is the path taken by Giorgio Parisi, a young INFN researcher in
the late 1970s, when he elaborated the physical-mathematical
theory of a class of magnetic systems characterized by a high degree
of disorder, spin glasses. For these pioneering works, which have
paved the way for countless applications, and for his fundamental
contributions to the physics of complex systems, which offer us a
surprising new point of view on the natural world, Parisi received the
Nobel Prize in 2021.
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Infinite Number of Order Parameters for Spin-Glasses
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This Letter shows that in the mean-field approximation spin-glasses must be described
by an infinite number of order parameters in the framework of the replica theory.

From the theoretical point of view, spin-glass-
es are very important because they describe one
of the most simple cases of amorphous material,
A good framework to study spin-glasses is the
replica theory'; One introduces an order param-
eter @, g which is the limit, for » going to zero,
of ann »*n matrix, zero on the diagonal. In the
mean-field approximation the statistical expecta-
tion value is different from zero only in the spin-
glass phase, at zero magnetic external field. In
the Sherrington-Kirkpatrick (S-K) model the
mean-field approximation is exact in the thermo-
dynamic limit,?

An intriguing feature of this scheme is the ne-
cessity of reaching the limit n =0 as analytic con-
tinuation in n from positive integer n, In the
standard treatment of the 8-K model one assumes
that

Qe,5=4G- (1)

Here g is the Edwards-Anderson' order param-
eter and it is understood that Eq. (1) does not

hold for @ =g in which case @, . is identically
ZEero,

This Ansatz [Eq. (1)] gives results at variance
with the computer simulations® of the S-K model;
moreover, one obtains a negative entropy at zero
temperature, i.e., S$(0)=-0.17 (the entropy of the
model must be nonnegative by definition). It has
been suggested that the wrong result is due to the
fact that the true value of @, g is not symmetric
under permutations of the indices®: The param-
etrization Eq. (1) is not valid and the replica sym-
metry is broken, Various patterns of symmetry
breaking have been proposed®®; in a previous
paper’ it has been noticed that the pattern of sym-
metry breaking depends on a continuous variable
which must be treated as a variational parameter,

If the matrix @, ; is parametrized as a function
of three variables, quite good results have been
obtained for the S-K model’; The agreement with
the computer simulations is excellent and the
zero-temperature entropy is quite small, with

5(0) =-0.01. If we generalize this approach, the




