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1. Photons and Electrons

• 1905: Einstein’s famous three papers:
• Brownian motion 
• Special Relativity 
• Light is made of photons 

• Photons: light propagates in the form of quanta of energy that 
cannot be emitted or absorbed partially. Starting from Plack’s 
quantum of action, this work has opened the way to the 
formulation of a new mechanics, Quantum Mechanics,  which 
describes atomic and subatomic phenomena. 
• QM reconciles the dual particle-wave nature of light. This 

“reconciliation” still surprises us
Nobody understands quantum mechanics 

Richard Feynman, 1965
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20 years later...

• ..in 1924, the French physicist Luis de Broglie 
discovered that well known particles, like the electron, 
sometime behave like waves; 
• wave-particle duality is a universal property of both 

matter and radiation! 
• Electrons and Photons have been the first identified 

elementary constituents of matter and radiation;
• Elementary Particle Physics descends from these 

discoveries.

λ=
h
p

One century after Einstein’s discovery, electrons and photons 
still described as elementary particles, but some suspect that 
they may not be so (preons? strings?)

nei versi scherzosi di Enrico Persico, da 
Torino agli amici romani, E. Fermi e 
collaboratori, circa 1930:
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Realism and Reality...
•  Quantum Mechanics: we can only predict the probability of the different 
outcomes of an experiment; 
•  QM describes what we find in the Laboratory with extraordinary accuracy; 
•  in our Universe: a photon from the Moon reflects on a desert lake: what 
happens to it? “where” does it go? are there parallel Universes ?  
• Dirac: the probabilities the a photon is absorbed or reflected  is all we can 

reasonably ask about a photon 
•  Einstein believed that QM is incomplete…

Is the Moon there when nobody looks?  
D. Mermin

Speakables and Unspeakables in Quantum 
Mechanics 
John S. Bell (Autore), G. Lorenzoni (a cura di)

•Feynman says it looks absurd but…this is the way it is. 
•John Bell proved certain inequalities that hold in the “local 
realism” of Einstein but are violated by QM; 
•Alain Aspect, 1981-1982, proved that experiments support 
QM !!
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2. Virtual Photons
• Photon’s propagation includes the effect of 
the electrostatic interaction; 
• electron in a crystal:

●  space momentum 
exchanged, q, is 
absorbed by the crystal 
• the electron takes all 

the energy, q0=0 
• q2=q02 - q2 <0

the Coulomb field : we speak of a “virtual photon with 
space-like momentum q2<0. 
But we can have situations where we have a  “time-like” 
photon, with q2>0

Time

• The product of the electron-positron annihilation is “virtual 
time-like” photon, with q2>0,  

• this photon can transform into pairs of matter-antimatter 
particles 

• if energy is enough, we can create in the laboratory every 
kind of matter existing in Nature and coupled to the photon 

• electron-positron annihilation informs us “democratically” 

Time
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da un Seminario di C. Guaraldo
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Collider energy vs time

~~
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Electron-Positron annihilation

An universal probe for any form electrically charge matter 

+1.3(c)
(SLAC)

+0.3(b)
(SLAC)

R ⇡ 2

(Frascati) (LEP)

R =
Prob.(e+e� ! subnuclear particles)

Prob.(e+e� ! µ+µ�)
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3. Matter constituents and interactions 
after neutron’s discovery (1932)

Crystal

Atom (dim. ≈ 10-8 cm)

Electrons

Atomic Nucleus (dim. ≈ 10-13 cm)

H. Yukawa. Nuclear forces are transmitted by a 
particle with mass ≈ 200 times the electron’s 
mass : the π meson

Two “pairs” of fundamental 
fermions, plus the photon 
and the  Yukawa meson: 
can they “explain” all we see 
in the World?

γ π ?

Fermi Interaction

- What we are told at school; 
- quite adequate, even today, for a first orientation; 
- three fundamental forces plus gravity: electromagnetic, strong (nuclear), weak (beta decay); 
- very few fundamental particles 

Protons and 
Neutrons  
(1932)
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1937: Mesotron

•In 1937, C. Anderson and S. Neddermeyer discover a new 
particle in the debris of cosmic ray collisions with the 
atoms of the upper part of the atmosphere.  
•The new particle has a mass intermediate between the 
electron and proton assess and is dubbed “mesotron”.  
•Its mass is close to the mass predicted by Yukawa for the 
π meson, as to suggest that: “mesotron”= mesone π: the last 
missing boson!  
• It looked so reasonable …
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• 1946 (Rome): M. Conversi, E. Pancini e O. Piccioni, prove that the mesotron 
(today “µ particle”) is not the carrier of nuclear forces;
• The mesotron looks like a heavier copy of the electron, as suggested by B. 
Pontecorvo in 1947. 
• I. Rabi comments: who ordered that ?????
• 1940-1950: a new particle zoo emerges from cosmic ray studies: the “strange” 
particles; 
•  the “new particles” are not present in the ladder of the constituent of matter: 
atom, nucleous, nucleons…
• but they must have a role in the architecture of fundamental forces
• …and can be studied in depth only in the high energy collisions  which are 
abundantly produced with particle accelerators.

From Cosmic Rays to Particle 
Accelerators



L. Maiani. Photons, electrons and other particlesDipFis Torino, 12/04/2018

The History of CERN, Vol.1, p.130 
“Their goal was not merely to construct a medium-sized accelerator, it was to 
awaken Europe and, through the construction of a giant accelerator, to make her 
understand the urgency and necessity of developing fundamental scientific 
research on a large scale as had happened in the US since the war". 

P. Auger, E. Amaldi, L. Kowarski

L. De Broglie, 1949".. a laboratory or 
institution where it would be possible to do 
scientific work, but somehow beyond the 
framework of the different participating 
states. Being the product of a collaboration 
between a large number of European 
countries, this body could be endowed with 
more resources than national laboratories and 
could, consequently, undertake tasks  which, 
by virtue of their size and cost, were beyond 
their scope.”

Established in 1954, CERN is the European Laboratory for 
Elementary Particle physics. 

Long term visions
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Nuclear Forces are transmitted by the π meson and by 
several other types of mesons: K, ρ, ω, φ... up to 
exhaustion of latin and greek alphabets. 
There are also new heavy particles called baryons: Λ, Σ…

up
up down

down
down

Three Quarks for 
Master Mark! 
Gell-Mann, 1963, 
from:  The Finnegan’s 
Wake of James Joyce

up

q =

0

@
u
d
s

1

A Baryons have only negative strangeness.

Protons and 
Neutrons

Crystal

Atom (dim. ≈ 10-8 cm)

Electrons

Atomic Nucleus (dim. ≈ 10-13 cm)

N ! P + e� + ⌫̄

d ! u+ e� + ⌫̄

Baryons and Mesons are made by quarks: (qqq) and (q-anti q) 
respectively, including a third type of quark: the strange quark.

 4. Quarks, a new level of reality
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The Standard Model

Q
uarks

Leptons

Force particles

Constituentsof matter and 
fundamental forces (circa 2016)

Ordinary matter is 
made of the lightest 
quarks and leptons

Murray Gell-Mann

Robert Englert e Peter Higgs

Heavier quarks are unstable: what 
is their role in the Universe?

Sheldon Glashow, John 
Iliopoulos, Luciano Maiani

Makoto Kobayashi , Toshihide 
Maskawa 

Sheldon Glashow 
              Steven Weinberg 
                                Abdus Salam  
                               @ ICTP Trieste

Carlo Rubbia

Strong interactions between quarks are 
mediated by neutral vector mesons (gluons) 
coupled to color, and are asymptotically free 
Gross&Wilczeck, Politzer (1973)

Nicola Cabibbo
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The origin of masses

•VACUUM is like the surface of a 
perfectly calm lake.

• A field fills all space and it interacts with particles; 
• The field is able to “distinguish” between particles, according to their 
symmetry properties…W, Z, quarks.. take a mass, photon stays at zero mass.

The Higgs Boson

... which correspond to a new particle: the HIGGS BOSON

•  Collisions generate waves…

• The Higgs boson is needed for theory to agree with Nature... 
but the Higgs mechanism gives a vision of Vacuum which may 
explain new phenomena : (inflation, chaotic universe, …)
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Particle accelerators are 
« time machines » 
where we can reproduce 
the conditions of the 
primordial Universe
when it was populated 
by unstable particle of 
all generations
..and primordial 
fluctuations have 
generated the « seeds » 
of today cosmic 
structures: clusters of 
galaxies, galaxies, stars 
planets.

5. Cosmos and Microcosmos

3 105 ys: atoms 
(H, He,..)

3 mins: light 
nuclei (He, Li)

With the Standard Theory we describe the conditions of the Universe 3 minutes after 
Big Bang (when light nuclei where produced) down to 10-5 secs protons formed from 
the primordial soup of quarks and gluons) to 10-10 secs (limit of present accelerators).

10-10 s: accel. limits 
free Ws and Zs

10-5 s: protons 
are formed
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Fritz Zwicky discovers Dark Matter in 
Coma Cluster

18
18

Fritz Zwicky 
1898 Varna, Bulgaria 
1974 Pasadena, California, USA 
Residence: USA  
Citizenship: Svizzera

In the ’30s, Zwicky observed an 
anomalous ratio mass/luminosity in the 
cluster of galaxies in Coma. Zwicky 
interpreted the anomaly as indicating the 
presence of non luminous “dark matter”, 
in addition to the usual matter making 
stars and interstellar gases.

The image, from Spitzer Space Telescope 
and Sloan Digital Sky Survey, shows some 
of the thousands of galaxies of the Coma 
cluster © NASA, JPL-Caltech, SDSS.

http://en.wikipedia.org/wiki/Varna
http://en.wikipedia.org/wiki/Principality_of_Bulgaria
http://en.wikipedia.org/wiki/Principality_of_Bulgaria
http://en.wikipedia.org/wiki/Pasadena,_California
http://en.wikipedia.org/wiki/California
http://en.wikipedia.org/wiki/United_States
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• The velocity of gas clouds orbiting 
in Galaxies does not fall down with 
the distance from the the luminous 
region, as required by Kepler’s law, 
should matter be associated to stars 
or interstellar gases only

Dark Matter in Galaxies

Vera Cooper Rubin

The Large Scale Distribution of Galaxies in the 
Universe

• Dark matter condenses due to the 
gravitational attraction 

• ordinary matters  “falls” into the 
gravitational wells 

• to make the observed large scale 
structures: galaxy clusters and 
superclusters
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6. LHC and the discovery of 
the Brout-Englert-Higgs boson
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Superconducting Magnets in stock 
and installed in the LHC tunnel
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ATLAS: Status of SM Higgs searches, 4/7/2012 12 

It would have been impossible to release physics results so quickly without 
the outstanding performance of the Grid (including the CERN Tier-0) 

Includes MC production, 
user and group analysis 
at CERN, 10 Tier1-s,  
~ 70 Tier-2 federations  
Æ > 80 sites 100 k 

Number of concurrent ATLAS jobs Jan-July 2012 

> 1500 distinct ATLAS users  
do analysis on the GRID 

� Available resources fully used/stressed (beyond pledges in some cases)   
� Massive production of 8 TeV Monte Carlo samples  
� Very effective and flexible Computing Model and Operation team Æ accommodate high  
     trigger rates and pile-up, intense MC simulation, analysis demands from worldwide 
     users (through e.g. dynamic data placement)   

CMS and ATLAS
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Italy enterprises in LHC

• 17% of LHC contracts for machine and experimental 
areas attributed to Italian companies, in open calls for for 
tender   

• Italy’s contribution to CERN’s budget of ~12%; 
• Fundamental role of Istituto Nazionale di Fisica 

Nucleare; 
• A bright example of technology transfer between basic 

research and industry.
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Discovery (2012)
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Higgs boson branching ratios vs. 
particle masses

•The dashed line indicates 
the predicted dependence 
on the particle mass in the 
case of the SM Higgs 
boson. Red line: best fit

•As expected…but 
very unconventional 
•the first scalar 
elementary particle 
•coupled not to 
currents but to masses 
•the true signature of 
the Higgs mechanism 
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7. Frontiers: Gravitational Waves 
from catastrofic events in Cosmos

•Catastrophic collapses of stars 
produce bursts of Gravitational 
Waves  
•ripples in space and time that 
propagates with the velocity of 
light and can be seen by the 
deformation of massive objects 
caused by their passage

• In Italy: pioneered in  by E. Amaldi and G.Pizzella (1970)  
•continued by A. Giazotto, M. Cerdonio, G. V. Pallottino, F. Ricci and others with Criogenic 
Antennae and Laser Interferometers.

LIGO-G1701533 
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La frontiera piu’ promettente
•Interferometri laser su lunga distanza 
•misurano le fluttuazioni dello spazio-tempo dovute al passaggio di un’onda gravitazionale, ad es. 
dovuta alla coalescenza di due pulsar 
•Negli USA: LEGO observatory in due siti, Hanford e Livingstone 
•In Italia: Virgo-European Gravitational Observatory (Cascina, Pisa)

Osservatorio VIRGO @ Cascina, PISA

LIGO @ Hanford e Livingstone, USA
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LIGO-G1701533 

GW150914: The First Binary Black Hole 
Merger

2

Abbott, et al. ,LIGO Scientific Collaboration and Virgo Collaboration, 
“Observation of Gravitational Waves from a Binary Black Hole Merger” Phys. 
Rev. Lett. 116, 061102 (2016)

Andy Bohn, François Hébert, and William Throwe, SXS Collaboration
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Coalescence of binary system of neutron stars

Loosing energy by emission of gravitational waves, stars become closer and closer 
until they fall into each other in a catastrophic clash

• Ligo-Virgo can identify the direction from where gravitational waves are coming 
• optical-radio telescopes can be pointed in that direction to study the post-collapse supernova 
• is this the way the heavy elements (gold..) are produced in the Universe ??

The birth of Gravitational Wave astronomy, 
complementing optic, radio and neutrinos  into a 
Multi-Messenger astronomy!!!
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• Find the Higgs Boson 

•Find the Supersymmetric Particles 

•Identify the nature of the Dark Matter 

• Test for new space-dimensions

• The String formulation of Quantum Gravity is not 
consistent in 3+1 dimensions. Curved extra-
dimensions are needed. 

• How small is R ?

8.  Challenges

The Origin of mass

The Unification of Forces requires a Symmetry to relate different spins: this is the 
SUPERSYMMETRY discovered at CERN in the 70s by J. Wess and B. Zumino

The Origin of Spin

Cosmic Supersymmetry ?
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Dark Matter-WIMP-searches 
@LNGS: Xenon1T
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Is there life beyond the LHC ? 
a) low energy riddles

•The muon g-2 
-a 3-4 σ discrepancy of experiment at BNL from Standard Theory 
prediction 
-could be due to strong interactions in light-by-light scattering  
-new experiment at FermLab (E989) to reduce the experimental 
error, but improving on theoretical prediction very hard  
-rather large (EW corrections are ~150 x 10-11): if due to new 
particles, e.g a new vector boson, they should be around the corner

recent review: A. Hoecker, W.J. Marciano, PdG 2013.

see: LHCb Workshop at CERN, 2016 

• Anomalies in semileptonic B decays into D and D* 
• there are also anomalies in Flavor Changing 

Neutral Current transitions: b → s µ+ µ- 
• leptoquarks????

are we demanding too much to our 
understanding of QCD corrections? 

C. Langenbruch in Moriond 2018 
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b) new hadrons ?

LHCB: 
• confirms BELLE’s observation of a bump 
• Can NOT be built from standard states 
• D*D1= in S-Wave may have J=1 but has 

negative parity 
• Argand Plot shows 900 phase: Z is a 

genuine resonance

Can NOT be built from standard states: 
D*D1= in S-Wave may have J=1 but has negative 
parity

Z+ : cc̄ud̄
<latexit sha1_base64="nkdAyXiXZI5YQMeg2lPfyLKgNec=">AAAB/HicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKXVdGNywrGFttYJpNJO3RyYWYi1FB8FTcuVNz6IO58G6dpFtr6w8DHf87hnPm9hDOpLOvbKM3NLywulZcrK6tr6xvm5tatjFNBqENiHouWhyXlLKKOYorTViIoDj1Om97gclxvPlAhWRzdqGFC3RD3IhYwgpW2uubO3f3hOel4WCCCUpSD3zWrVs3KhWbBLqAKhRpd86vjxyQNaaQIx1K2bStRboaFYoTTUaWTSppgMsA92tYY4ZBKN8uvH6F97fgoiIV+kUK5+3siw6GUw9DTnSFWfTldG5v/1dqpCk7djEVJqmhEJouClCMVo3EUyGeCEsWHGjARTN+KSB8LTJQOrKJDsKe/PAvOUe2sZl8fV+sXRRpl2IU9OAAbTqAOV9AABwg8wjO8wpvxZLwY78bHpLVkFDPb8EfG5w+ylJOl</latexit><latexit sha1_base64="nkdAyXiXZI5YQMeg2lPfyLKgNec=">AAAB/HicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKXVdGNywrGFttYJpNJO3RyYWYi1FB8FTcuVNz6IO58G6dpFtr6w8DHf87hnPm9hDOpLOvbKM3NLywulZcrK6tr6xvm5tatjFNBqENiHouWhyXlLKKOYorTViIoDj1Om97gclxvPlAhWRzdqGFC3RD3IhYwgpW2uubO3f3hOel4WCCCUpSD3zWrVs3KhWbBLqAKhRpd86vjxyQNaaQIx1K2bStRboaFYoTTUaWTSppgMsA92tYY4ZBKN8uvH6F97fgoiIV+kUK5+3siw6GUw9DTnSFWfTldG5v/1dqpCk7djEVJqmhEJouClCMVo3EUyGeCEsWHGjARTN+KSB8LTJQOrKJDsKe/PAvOUe2sZl8fV+sXRRpl2IU9OAAbTqAOV9AABwg8wjO8wpvxZLwY78bHpLVkFDPb8EfG5w+ylJOl</latexit><latexit sha1_base64="nkdAyXiXZI5YQMeg2lPfyLKgNec=">AAAB/HicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKXVdGNywrGFttYJpNJO3RyYWYi1FB8FTcuVNz6IO58G6dpFtr6w8DHf87hnPm9hDOpLOvbKM3NLywulZcrK6tr6xvm5tatjFNBqENiHouWhyXlLKKOYorTViIoDj1Om97gclxvPlAhWRzdqGFC3RD3IhYwgpW2uubO3f3hOel4WCCCUpSD3zWrVs3KhWbBLqAKhRpd86vjxyQNaaQIx1K2bStRboaFYoTTUaWTSppgMsA92tYY4ZBKN8uvH6F97fgoiIV+kUK5+3siw6GUw9DTnSFWfTldG5v/1dqpCk7djEVJqmhEJouClCMVo3EUyGeCEsWHGjARTN+KSB8LTJQOrKJDsKe/PAvOUe2sZl8fV+sXRRpl2IU9OAAbTqAOV9AABwg8wjO8wpvxZLwY78bHpLVkFDPb8EfG5w+ylJOl</latexit><latexit sha1_base64="nkdAyXiXZI5YQMeg2lPfyLKgNec=">AAAB/HicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKXVdGNywrGFttYJpNJO3RyYWYi1FB8FTcuVNz6IO58G6dpFtr6w8DHf87hnPm9hDOpLOvbKM3NLywulZcrK6tr6xvm5tatjFNBqENiHouWhyXlLKKOYorTViIoDj1Om97gclxvPlAhWRzdqGFC3RD3IhYwgpW2uubO3f3hOel4WCCCUpSD3zWrVs3KhWbBLqAKhRpd86vjxyQNaaQIx1K2bStRboaFYoTTUaWTSppgMsA92tYY4ZBKN8uvH6F97fgoiIV+kUK5+3siw6GUw9DTnSFWfTldG5v/1dqpCk7djEVJqmhEJouClCMVo3EUyGeCEsWHGjARTN+KSB8LTJQOrKJDsKe/PAvOUe2sZl8fV+sXRRpl2IU9OAAbTqAOV9AABwg8wjO8wpvxZLwY78bHpLVkFDPb8EfG5w+ylJOl</latexit>

P+ : cc̄uud
<latexit sha1_base64="MAhb7FIiESZU99v8mMuyRE5eC84=">AAACAXicbVDLSsNAFJ34rPUVdSVuBosgCCURwceq6MZlBWMLTSw3k0k7dDIJMxOhhOLGX3HjQsWtf+HOv3H6WGjruVw4nHMvM/eEGWdKO863NTe/sLi0XFopr66tb2zaW9t3Ks0loR5JeSqbISjKmaCeZprTZiYpJCGnjbB3NfQbD1Qqlopb3c9okEBHsJgR0EZq27uFT4Dj+uD+6AITPwSJCc5NRW274lSdEfAscSekgiaot+0vP0pJnlChCQelWq6T6aAAqRnhdFD2c0UzID3o0JahAhKqgmJ0wgAfGCXCcSpNC41H6u+NAhKl+kloJhPQXTXtDcX/vFau47OgYCLLNRVk/FCcc6xTPMwDR0xSonnfECCSmb9i0gUJRJvUyiYEd/rkWeIdV8+r7s1JpXY5SaOE9tA+OkQuOkU1dI3qyEMEPaJn9IrerCfrxXq3Psajc9ZkZwf9gfX5Awb9lXU=</latexit><latexit sha1_base64="MAhb7FIiESZU99v8mMuyRE5eC84=">AAACAXicbVDLSsNAFJ34rPUVdSVuBosgCCURwceq6MZlBWMLTSw3k0k7dDIJMxOhhOLGX3HjQsWtf+HOv3H6WGjruVw4nHMvM/eEGWdKO863NTe/sLi0XFopr66tb2zaW9t3Ks0loR5JeSqbISjKmaCeZprTZiYpJCGnjbB3NfQbD1Qqlopb3c9okEBHsJgR0EZq27uFT4Dj+uD+6AITPwSJCc5NRW274lSdEfAscSekgiaot+0vP0pJnlChCQelWq6T6aAAqRnhdFD2c0UzID3o0JahAhKqgmJ0wgAfGCXCcSpNC41H6u+NAhKl+kloJhPQXTXtDcX/vFau47OgYCLLNRVk/FCcc6xTPMwDR0xSonnfECCSmb9i0gUJRJvUyiYEd/rkWeIdV8+r7s1JpXY5SaOE9tA+OkQuOkU1dI3qyEMEPaJn9IrerCfrxXq3Psajc9ZkZwf9gfX5Awb9lXU=</latexit><latexit sha1_base64="MAhb7FIiESZU99v8mMuyRE5eC84=">AAACAXicbVDLSsNAFJ34rPUVdSVuBosgCCURwceq6MZlBWMLTSw3k0k7dDIJMxOhhOLGX3HjQsWtf+HOv3H6WGjruVw4nHMvM/eEGWdKO863NTe/sLi0XFopr66tb2zaW9t3Ks0loR5JeSqbISjKmaCeZprTZiYpJCGnjbB3NfQbD1Qqlopb3c9okEBHsJgR0EZq27uFT4Dj+uD+6AITPwSJCc5NRW274lSdEfAscSekgiaot+0vP0pJnlChCQelWq6T6aAAqRnhdFD2c0UzID3o0JahAhKqgmJ0wgAfGCXCcSpNC41H6u+NAhKl+kloJhPQXTXtDcX/vFau47OgYCLLNRVk/FCcc6xTPMwDR0xSonnfECCSmb9i0gUJRJvUyiYEd/rkWeIdV8+r7s1JpXY5SaOE9tA+OkQuOkU1dI3qyEMEPaJn9IrerCfrxXq3Psajc9ZkZwf9gfX5Awb9lXU=</latexit><latexit sha1_base64="MAhb7FIiESZU99v8mMuyRE5eC84=">AAACAXicbVDLSsNAFJ34rPUVdSVuBosgCCURwceq6MZlBWMLTSw3k0k7dDIJMxOhhOLGX3HjQsWtf+HOv3H6WGjruVw4nHMvM/eEGWdKO863NTe/sLi0XFopr66tb2zaW9t3Ks0loR5JeSqbISjKmaCeZprTZiYpJCGnjbB3NfQbD1Qqlopb3c9okEBHsJgR0EZq27uFT4Dj+uD+6AITPwSJCc5NRW274lSdEfAscSekgiaot+0vP0pJnlChCQelWq6T6aAAqRnhdFD2c0UzID3o0JahAhKqgmJ0wgAfGCXCcSpNC41H6u+NAhKl+kloJhPQXTXtDcX/vFau47OgYCLLNRVk/FCcc6xTPMwDR0xSonnfECCSmb9i0gUJRJvUyiYEd/rkWeIdV8+r7s1JpXY5SaOE9tA+OkQuOkU1dI3qyEMEPaJn9IrerCfrxXq3Psajc9ZkZwf9gfX5Awb9lXU=</latexit>

•Valence quark 
composition:

•QCD can 
accomodate in two 
ways: 

-hadron molecules 
(like nuclei) 
- compact tetra/
penta quarks



L. Maiani. Photons, electrons and other particlesDipFis Torino, 12/04/2018

Rescaling ALICE Pb-Pb cross sections 
of light nuclei to p-p CMS cross section 
is done with blast-wave function (RAA or 
RCP  =1)
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A. Esposito et al.  Phys. Rev. D 92 (2015) 3,  034028

Collective effects in Pb-Pb (e.g.quark-gluon 
plasma) enhance nuclear cross sections 
and therefore reduce the cross section 
rescaled to p-p.

Can mixing with charmonium save the molecule?

• There  is a vast difference in probability 
for producing X(3872) or light nuclei, the 
true “hadronic molecules”, at  high pperp  

• high energy production of suspected 
exotic hadrons in p-p and Heavy Ion  
colliders is a very effective tool to 
discriminate different models 

• a long list of suspects: f0(980), X(3872), 
Z(3900), Z(4020), Z(4430), X(4140)…

Production of X(3872) versus light nuclei at ALICE (Pb-Pb) and CMS (p-p)



DipFis Torino, 13/04/2018 L.MAIANI. Multiquarks and QCD

 Replacing: antiquark → diquark makes new objects

$35

meson

antibaryon

baryon
S-wave states: negative parity 
L=1 states: positive parity

S-wave states: positive parity 
L=1 states: negative parity

tetraquark

c

q

X, Y, Z 
mesons

S-wave states: positive parity, X,Z 
L=1 states: negative parity, Y

q̄

c̄ X(3872)

3̄
<latexit sha1_base64="4MWIhk/j009ymwqWolMoadJicEQ=">AAAB9HicbVA9T8MwEL2Ur1K+CowsFhUSU5UAErBVsDAWidBKbagc12mt2k5kO6Aqyv9gYQDEyo9h49/gthmg5Ul3enrvTj6/MOFMG9f9dkpLyyura+X1ysbm1vZOdXfvXsepItQnMY9VO8Saciapb5jhtJ0oikXIaSscXU/81iNVmsXyzowTGgg8kCxiBBsrPWTdECtke4RO87xXrbl1dwq0SLyC1KBAs1f96vZjkgoqDeFY647nJibIsDKMcJpXuqmmCSYjPKAdSyUWVAfZ9OocHVmlj6JY2ZIGTdXfGxkWWo9FaCcFNkM9703E/7xOaqKLIGMySQ2VZPZQlHJkYjSJAPWZosTwsSWYKGZvRWSIFSbGBlWxIXjzX14k/kn9su7dntUaV0UaZTiAQzgGD86hATfQBB8IKHiGV3hznpwX5935mI2WnGJnH/7A+fwBVQSR8g==</latexit><latexit sha1_base64="4MWIhk/j009ymwqWolMoadJicEQ=">AAAB9HicbVA9T8MwEL2Ur1K+CowsFhUSU5UAErBVsDAWidBKbagc12mt2k5kO6Aqyv9gYQDEyo9h49/gthmg5Ul3enrvTj6/MOFMG9f9dkpLyyura+X1ysbm1vZOdXfvXsepItQnMY9VO8Saciapb5jhtJ0oikXIaSscXU/81iNVmsXyzowTGgg8kCxiBBsrPWTdECtke4RO87xXrbl1dwq0SLyC1KBAs1f96vZjkgoqDeFY647nJibIsDKMcJpXuqmmCSYjPKAdSyUWVAfZ9OocHVmlj6JY2ZIGTdXfGxkWWo9FaCcFNkM9703E/7xOaqKLIGMySQ2VZPZQlHJkYjSJAPWZosTwsSWYKGZvRWSIFSbGBlWxIXjzX14k/kn9su7dntUaV0UaZTiAQzgGD86hATfQBB8IKHiGV3hznpwX5935mI2WnGJnH/7A+fwBVQSR8g==</latexit><latexit sha1_base64="4MWIhk/j009ymwqWolMoadJicEQ=">AAAB9HicbVA9T8MwEL2Ur1K+CowsFhUSU5UAErBVsDAWidBKbagc12mt2k5kO6Aqyv9gYQDEyo9h49/gthmg5Ul3enrvTj6/MOFMG9f9dkpLyyura+X1ysbm1vZOdXfvXsepItQnMY9VO8Saciapb5jhtJ0oikXIaSscXU/81iNVmsXyzowTGgg8kCxiBBsrPWTdECtke4RO87xXrbl1dwq0SLyC1KBAs1f96vZjkgoqDeFY647nJibIsDKMcJpXuqmmCSYjPKAdSyUWVAfZ9OocHVmlj6JY2ZIGTdXfGxkWWo9FaCcFNkM9703E/7xOaqKLIGMySQ2VZPZQlHJkYjSJAPWZosTwsSWYKGZvRWSIFSbGBlWxIXjzX14k/kn9su7dntUaV0UaZTiAQzgGD86hATfQBB8IKHiGV3hznpwX5935mI2WnGJnH/7A+fwBVQSR8g==</latexit><latexit sha1_base64="4MWIhk/j009ymwqWolMoadJicEQ=">AAAB9HicbVA9T8MwEL2Ur1K+CowsFhUSU5UAErBVsDAWidBKbagc12mt2k5kO6Aqyv9gYQDEyo9h49/gthmg5Ul3enrvTj6/MOFMG9f9dkpLyyura+X1ysbm1vZOdXfvXsepItQnMY9VO8Saciapb5jhtJ0oikXIaSscXU/81iNVmsXyzowTGgg8kCxiBBsrPWTdECtke4RO87xXrbl1dwq0SLyC1KBAs1f96vZjkgoqDeFY647nJibIsDKMcJpXuqmmCSYjPKAdSyUWVAfZ9OocHVmlj6JY2ZIGTdXfGxkWWo9FaCcFNkM9703E/7xOaqKLIGMySQ2VZPZQlHJkYjSJAPWZosTwsSWYKGZvRWSIFSbGBlWxIXjzX14k/kn9su7dntUaV0UaZTiAQzgGD86hATfQBB8IKHiGV3hznpwX5935mI2WnGJnH/7A+fwBVQSR8g==</latexit>

[3⇥ 3]Antisymm = 3̄
<latexit sha1_base64="N01G9VGY2eQhY96Bhhztw9KGgcs=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0lUUA9C1YvHCtYWklA22027dLMJuxOhhPwNL/4VLx5UvPbmv3Hb5qCtDxbevjfDzLwgEVyDbX9bpaXlldW18nplY3Nre6e6u/eo41RR1qKxiFUnIJoJLlkLOAjWSRQjUSBYOxjeTvz2E1Oax/IBRgnzI9KXPOSUgJG6VdvNvCDEp7kHPGIaFz+/m11L4HoURfmV0YgqjLxbrdl1ewq8SJyC1FCBZrc69noxTSMmgQqitevYCfgZUcCpYHnFSzVLCB2SPnMNlcSs4WfTy3J8ZJQeDmNlngQ8VX93ZCTSZsnAVEYEBnrem4j/eW4K4YWfcZmkwCSdDQpTgSHGk5hwjytGQYwMIVRxsyumA6IIBRNmxYTgzJ+8SFon9cu6c39Wa9wUaZTRATpEx8hB56iB7lATtRBFz+gVvaMP68V6sz6tr1lpySp69tEfWOMf3rqgcQ==</latexit><latexit sha1_base64="N01G9VGY2eQhY96Bhhztw9KGgcs=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0lUUA9C1YvHCtYWklA22027dLMJuxOhhPwNL/4VLx5UvPbmv3Hb5qCtDxbevjfDzLwgEVyDbX9bpaXlldW18nplY3Nre6e6u/eo41RR1qKxiFUnIJoJLlkLOAjWSRQjUSBYOxjeTvz2E1Oax/IBRgnzI9KXPOSUgJG6VdvNvCDEp7kHPGIaFz+/m11L4HoURfmV0YgqjLxbrdl1ewq8SJyC1FCBZrc69noxTSMmgQqitevYCfgZUcCpYHnFSzVLCB2SPnMNlcSs4WfTy3J8ZJQeDmNlngQ8VX93ZCTSZsnAVEYEBnrem4j/eW4K4YWfcZmkwCSdDQpTgSHGk5hwjytGQYwMIVRxsyumA6IIBRNmxYTgzJ+8SFon9cu6c39Wa9wUaZTRATpEx8hB56iB7lATtRBFz+gVvaMP68V6sz6tr1lpySp69tEfWOMf3rqgcQ==</latexit><latexit sha1_base64="N01G9VGY2eQhY96Bhhztw9KGgcs=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0lUUA9C1YvHCtYWklA22027dLMJuxOhhPwNL/4VLx5UvPbmv3Hb5qCtDxbevjfDzLwgEVyDbX9bpaXlldW18nplY3Nre6e6u/eo41RR1qKxiFUnIJoJLlkLOAjWSRQjUSBYOxjeTvz2E1Oax/IBRgnzI9KXPOSUgJG6VdvNvCDEp7kHPGIaFz+/m11L4HoURfmV0YgqjLxbrdl1ewq8SJyC1FCBZrc69noxTSMmgQqitevYCfgZUcCpYHnFSzVLCB2SPnMNlcSs4WfTy3J8ZJQeDmNlngQ8VX93ZCTSZsnAVEYEBnrem4j/eW4K4YWfcZmkwCSdDQpTgSHGk5hwjytGQYwMIVRxsyumA6IIBRNmxYTgzJ+8SFon9cu6c39Wa9wUaZTRATpEx8hB56iB7lATtRBFz+gVvaMP68V6sz6tr1lpySp69tEfWOMf3rqgcQ==</latexit><latexit sha1_base64="N01G9VGY2eQhY96Bhhztw9KGgcs=">AAACGHicbVBNS8NAEN3Ur1q/qh69LBbBU0lUUA9C1YvHCtYWklA22027dLMJuxOhhPwNL/4VLx5UvPbmv3Hb5qCtDxbevjfDzLwgEVyDbX9bpaXlldW18nplY3Nre6e6u/eo41RR1qKxiFUnIJoJLlkLOAjWSRQjUSBYOxjeTvz2E1Oax/IBRgnzI9KXPOSUgJG6VdvNvCDEp7kHPGIaFz+/m11L4HoURfmV0YgqjLxbrdl1ewq8SJyC1FCBZrc69noxTSMmgQqitevYCfgZUcCpYHnFSzVLCB2SPnMNlcSs4WfTy3J8ZJQeDmNlngQ8VX93ZCTSZsnAVEYEBnrem4j/eW4K4YWfcZmkwCSdDQpTgSHGk5hwjytGQYwMIVRxsyumA6IIBRNmxYTgzJ+8SFon9cu6c39Wa9wUaZTRATpEx8hB56iB7lATtRBFz+gVvaMP68V6sz6tr1lpySp69tEfWOMf3rqgcQ==</latexit>

rule: q̄
<latexit sha1_base64="tMeah9nUJC3rtBj6g4UkdRt9Hp0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhN7JbDJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8mfrNJ6YNV/LejlIWJtiXPOYUrZManQg1eeyWyn7Fn4EskyAnZchR65a+Oj1Fs4RJSwUa0w781IZj1JZTwSbFTmZYinSIfdZ2VGLCTDieXTshp07pkVhpV9KSmfp7YoyJMaMkcp0J2oFZ9Kbif147s/FVOOYyzSyTdL4ozgSxikxfJz2uGbVi5AhSzd2thA5QI7UuoKILIVh8eZk0ziuBXwnuLsrV6zyOAhzDCZxBAJdQhVuoQR0oPMAzvMKbp7wX7937mLeuePnMEfyB9/kDKiCO2A==</latexit><latexit sha1_base64="tMeah9nUJC3rtBj6g4UkdRt9Hp0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhN7JbDJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8mfrNJ6YNV/LejlIWJtiXPOYUrZManQg1eeyWyn7Fn4EskyAnZchR65a+Oj1Fs4RJSwUa0w781IZj1JZTwSbFTmZYinSIfdZ2VGLCTDieXTshp07pkVhpV9KSmfp7YoyJMaMkcp0J2oFZ9Kbif147s/FVOOYyzSyTdL4ozgSxikxfJz2uGbVi5AhSzd2thA5QI7UuoKILIVh8eZk0ziuBXwnuLsrV6zyOAhzDCZxBAJdQhVuoQR0oPMAzvMKbp7wX7937mLeuePnMEfyB9/kDKiCO2A==</latexit><latexit sha1_base64="tMeah9nUJC3rtBj6g4UkdRt9Hp0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhN7JbDJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8mfrNJ6YNV/LejlIWJtiXPOYUrZManQg1eeyWyn7Fn4EskyAnZchR65a+Oj1Fs4RJSwUa0w781IZj1JZTwSbFTmZYinSIfdZ2VGLCTDieXTshp07pkVhpV9KSmfp7YoyJMaMkcp0J2oFZ9Kbif147s/FVOOYyzSyTdL4ozgSxikxfJz2uGbVi5AhSzd2thA5QI7UuoKILIVh8eZk0ziuBXwnuLsrV6zyOAhzDCZxBAJdQhVuoQR0oPMAzvMKbp7wX7937mLeuePnMEfyB9/kDKiCO2A==</latexit><latexit sha1_base64="tMeah9nUJC3rtBj6g4UkdRt9Hp0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhN7JbDJmdmadmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWasjpVQulWhIYJLlndcitYK9UMk0iwZjS8mfrNJ6YNV/LejlIWJtiXPOYUrZManQg1eeyWyn7Fn4EskyAnZchR65a+Oj1Fs4RJSwUa0w781IZj1JZTwSbFTmZYinSIfdZ2VGLCTDieXTshp07pkVhpV9KSmfp7YoyJMaMkcp0J2oFZ9Kbif147s/FVOOYyzSyTdL4ozgSxikxfJz2uGbVi5AhSzd2thA5QI7UuoKILIVh8eZk0ziuBXwnuLsrV6zyOAhzDCZxBAJdQhVuoQR0oPMAzvMKbp7wX7937mLeuePnMEfyB9/kDKiCO2A==</latexit>

q
<latexit sha1_base64="6st+2unI49vTKzHpFrX8LltbNi8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN3N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB252M9Q==</latexit><latexit sha1_base64="6st+2unI49vTKzHpFrX8LltbNi8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN3N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB252M9Q==</latexit><latexit sha1_base64="6st+2unI49vTKzHpFrX8LltbNi8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN3N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB252M9Q==</latexit><latexit sha1_base64="6st+2unI49vTKzHpFrX8LltbNi8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN3N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB252M9Q==</latexit>

q
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in baryon:

$36

antibaryon

u

c

u
d

u

d

dibaryon ???

pentaquark

u

c

u
d

c̄

P+ ! (cc̄) + (uud) = J/ + p

L. Maiani, A. D. Polosa and V. Riquer, PLB 749 (2015) 289

S-wave states: negative parity 
(P(4380) 3/2- ?) 
L=1 states: positive parity 
(P(4450) 5/2+ ?)

S-wave states: positive parity 
L=1 states: negative parity

Substitution with diquark (antidiquark) 
reproduces qualitatively all we have seen in 
Exotic Hadrons until now… and more
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A new sensation: doubly heavy baryons

$37

qq c̄

c

c

M. Savage, M. B. Wise, PLB 248,1990;  
N. Brambilla, A. Vairo and T. Rosch, PRD 72, 2005; T. Mehen, arXiv:1708.05020v3 

• Doubly heavy baryons are related to single quark 
heavy mesons  

• QCD forces are mainly spin independent, so there is 
an approximate symmetry relating masses of DH 
baryons to SH mesons: e.g. M(⌅⇤

cc)�M(⌅cc) =
3

4
[M(D⇤)�M(D)]

…. are related to doubly 
heavy tetraquark

c

q

q’

q

q’

c̄

c̄

similarly: single heavy quark baryons….

Esposito, M. Papinutto, A. 
Pilloni, A. D. Polosa, and N. 
Tantalo, Phys. Rev. D88, 054029 
(2013) 
M. Karliner and J. L. Rosner, 
arXiv:1707.07666 [hep-ph].  
E. J. Eichten and C. Quigg, 
arXiv:1707.09575 [hep-ph].
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Double Beauty tetraquarks  may be stable for the strong interactions !!

•cross sections may not be forbidding 
-doubly charmed baryons observed at LHC 
- bb pairs observed at LEP 

•spectacular weak decays

M. Karliner and J. L. Rosner, arXiv:1707.07666 [hep-ph].  
E. J. Eichten and C. Quigg, arXiv:1707.09575 [hep-ph].

A new territory for non perturbative methods in QCD

•binding energy with respect to BB threshold 
(constituent quark model) is negative beyond 
doubt 
•only allowed: weak decays of constituent quarks

b c

c̄

s

d̄

b

ū

W− J/ψ

K̄0

B−

T {bb}
[ūd̄]

b c

W c̄

s

b

u

ū

ū

d̄

T {bb}
[ūd̄]

J/ψ

Ξ0
b

p̄

•LHC-HE 
•Tera Z  factory (FCC-ee, 
CepC) ? 

T (bb)
[ūd] ! J/ ⌅0

b p
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B(Z0 ! bb̄bb̄) = (3.6± 1.3)⇥ 10�4 (LEP)
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A. Ali and coll.
B(Z0 ! T {bb}

[ūd] +X) = 10�6 � 10�5

<latexit sha1_base64="qEnHMUwt9eVEgX2Oulc5ZCWfBXE="></latexit><latexit sha1_base64="qEnHMUwt9eVEgX2Oulc5ZCWfBXE="></latexit><latexit sha1_base64="qEnHMUwt9eVEgX2Oulc5ZCWfBXE="></latexit><latexit sha1_base64="qEnHMUwt9eVEgX2Oulc5ZCWfBXE="></latexit>



L. Maiani. Photons, electrons and other particlesDipFis Torino, 12/04/2018

c) Supersymmetry @ the LHC ?

• The Higgs particle seen at CERN is relatively light, 125 GeV 
• good news for Supersymmetry which predicts a mass < 135 GeV 
• SUSY predicts two doublets of “Higgs bosons, for a total 5 scalar 

particles: h(125), H, A, H±, the heavier bosons have undetermined masses: 
mH ~ mH±~mA ; 

• the couplings of h are equal to the ST couplings only in the limit mA→ ∞; 
• and a duplication of the other particles of the ST, with a change of 1/2 unit 

of spin.

An entire world 
of new particles 
to discover!!
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MSSM: Heavy Higgs

Jan Stark for the ATLAS collaboration Moriond EW -- March 10-17, 2018 11

Comparing limits (e.g. in the hMSSM)
hMSSM: simplified version of MSSM, some radiative corrections are neglected, the dominant ones (from loops
involving top quarks and stop quarks) are constrained using m

h
.

At tree level, the properties of the Higgs sector of the MSSM depend on only two non-SM parameters; 
can be chosen to be m

A
 and tan .

shown 
in this talk

preliminary version
of result shown  
in this talk

TH Analysis:A. Djouadi et al. (Orsay-Roma coll.)  
The post-Higgs MSSM scenario: Habemus 
MSSM?  Eur. Phys. J., C73:2650, 2013. 



L. Maiani. Photons, electrons and other particlesDipFis Torino, 12/04/2018

scalar top

LHCP2017, May17 2017, Keisuke Yoshihara (University of Pennsylvania)
17

Conclusion

• Many new results from ATLAS for 3rd generation squark searches are 
presented based on full 2015+2016 data (36 fb-1).
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Observed limits Expected limits All limits at 95% CL

=13 TeVs
 [CONF-2017-020]-10L 36.1 fb
 [CONF-2017-037]-11L 36.1 fb
 [CONF-2017-034]-12L 36.1 fb

  [1604.07773]-1Monojet 3.2 fb
Run 1 [1506.08616] • No significant excesses this 

time around… 
• Stringent constraints obtained 

on various pMSSM and 
simplified models.

Stay tuned!

Recent limits on Superparticles: scalar top (2017)
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An electron-positron  step

•International Linear Collider, 
e+e- @ 0.5 TeV: 

- site approved in Japan: 
(Kitakami)  
- a reserve site (Sefuri)

•Alternatively, repeat the LEP-LHC strategy  
• go for a circular e+e- @ 250-300  GeV in a large tunnel (Higgs factory) 
• 70-100 km to make radiation losses acceptable, 
• tunnel may host later a p-p collider @  80-100 TeV, to explore the region left by 
LHC, 3 to 10 TeV 
•projects are being made at CERN, (FCC-ee),  and in China at IHEP (CEPC)

An e+ e-  Higgs boson factory, could aim at high precision to probe 
Higgs physics at high energies

9. What’s next?
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• With the LHC tunnel limitation, it is not likely that we can see all  
particles implied by SUSY or by Technicolor and find out which is the 
next step BEYOND the STANDARD THEORY

• but we may be able to see the 
tail of the dinosaur…. 

• or find other hints from other 
sources

LHC

SUSY PARTICLES ?
TECHNI HADRONS ?

• In the 80s it was thought that identification of unnaturalness could give the key to a 
complete theory of what is Beyond the Standard Theory 

• we may have guessed some real point…. compositeness, supersymmetry …but there 
are so many things we do not fully understand (which SUSY, dark matter, hierarchy, 
strong interactions) that the physics we will find there will be, most likely, entirely 
new, strange and unexpected.  

• Only direct inspection will tell.
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Geneva Lake

Geneva

1950’s: National Laboratories in IT, FR, UK, DE...  united forces to make CERN-Europe 
2030’s: Regional Laboratorie in Europe, America, Asia … will unite in a  
                   Global Accelerator Network -  The World ??

• 100 TeV proton Collider is a fantastic challenge 
• new innovative technologies: material science, low temperatures, 
electronics, computing, big data 
• an attraction for new physics ideas and young talents to solve the hardest 
scientific problem which we have been confronted in the last 100 years

Dreams about the future??


