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La fisica ai collisori

1) Concentrare energia sulle
particelle nell’ Acceleratore

2) Fare collidere le particelle

Studiando gli stati finali prodotti nelle collisioni capiamo quali
sono i mattoni fondamentali della materia, a quali interazioni
sono sensibili, come acquisiscono massa

NX - € Oy f [d'l'
Confronto oy con oy 0 previsioni teoriche di altri modelli
1 barn = 10-24 cm?
Vs ~ E ai collisori, mentre /s ~ VE su bersaglio fisso



Le alte energie delle particelle ci permettono di:

v sondare la materia su scale pil piccole “

= 0 Louis

1 TeV = 0.001 fm

E = hv, h=costante di Planck ‘ i-’ii ~de Broglie

i

v' creare nuove particelle a grande massa &

Albert
E - m C2 Einstein
v studiare la dinamica dell’ universo
poco dopo il big bang -
udwig
Boltzmann

E = kT, k = costante di Boltzmann
leV ~O(10°) K 1 TeV ~O(1017) K




I primi acceleratori

Ciclotrone Cockroft Walton
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1930, E. Lawrence, protoni da 100 MeV  CERN, protoni da 800 keV



THE PRINCIPAL MACHINE COMPONENTS OF THE LEP ACCELERATOR.

Il sincrotrone

RADIOFREQUENCY CAVITY

S

BENDING MAGNET

1959: Proton Synchrotron
2nR = 628 m
E,.x(p) = 28 GeV

1975: Super Proton Synchrotron
2nR = 7 km
E,..x(p) = 450 GeV
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CERN (Conseil Européen pour la Recherche Nucléaire)

v' Fondato nel 1954 da 12 Paesi tra cui I’ Ttalia che, grazie
all'Istituto Nazionale di Fisica Nucleare, ha un ruolo chiave

v Eil pit grande laboratorio di Fisica Fondamentale al mondo

v' 25 stati membri, 2300 staff, ~ 12000 utenti da 600
Istituzioni

v’ Budget ~ 1 G CHF / anno

Premi Nobel: J. Steinberger, F. Bloch, S. Ting, 6. Charpak, C. Rubbia, S. van der Meer



The History of CERN(Vol.1, p.130), a proposito di di Auger, Amaldi e Kowarski:

"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".

The CERN Convention (1953)

“The Organization shall have no concern with work for military
requirements and the results of its experimental and theoretical work

shall be published or otherwise made generally available”

At CERN, our work helps to uncover what the universe is made of and how it
works. We do this by providing a unique range of particle accelerator facilities
to researchers, to advance the boundaries of human knowledge.






Installazione camera a bolle Gargamelle (1970)




bole neutra (1973)

Ncnard




/ Multi Wire Proportional Chamber

N
J\J\// —— . G.Charpak, 1967
" (Premio Nobel nel 1992)
7 D

L p NS Primo rivelatore elettronico,
permette alte statistiche
d~1mm
Ryire ~ 20 um

c ~d/v12 ~ 300 pm

Amplficazione nel gas necessarig,
per un buon rapporto S/N




Scoperta W e Z (UA1 e UA2 a collider SppS)

C.Rubbia e S. Van der Meer (Premio Nobel nel 1984)
trasformano SPS in collisore pp con /s ~ 540 GeV (630 GeV)
e buona luminosita dei p grazie allo "stochastic cooling”

UAl e UA2 prendono dati dal 1981 al 1990
- Scoperta del W (1982)
- Scoperta della Z (1983)




Large Electron Positron Collider (LEP)
Rivelatori ALEPH, DELPHI, L3 e OPAL al collisore e*e- di 27 km

LEP-T (1989 - 1995)
14/7/1989: i primi fasci circolano con +/s ~ 91 GeV
O1t.1989: viene misurata Numero famiglie neutrini = 3
Vengono prodotte 17 milioni di Z

LEP-IT (1995 - 2000)

Aggiungendo 288 cavita superconduttrici si raddoppia energia fino a
Vs = 209 GeV nel 2000, con produzione W*W-

N
% P 4
S

Possibilita di scoperta di Higgs SM fino a le‘\\
M, ~ 110 GeV/c? <
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Precise determination of the LEP beam energy

Misura energia del fascio a LEP

(10 relative accuracy, ~ 1 MeV)

Precise measurement of the Z mass and width

AE [MeV]

AE [MeV]
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28th November 2019, CERN
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Axis of earth rotation

Small changes of energy accurately measured
(energy change from 1mm circumference change)

S.Myers LEP 30 Colloquium
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I1 modello standard non predice le masse delle partice
Quale ¢ ’origine della massa ?

Perche questo pattern di

Yy e g non d
hanno massa

PROTONE



The Higgs Mechanism

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
S Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964) ; i

BROKEN SYMMETRIES, MASSLESS FPARTICLES AND GAUGE FIELDS

P. W. HIGGS
Fuat fastitate of Mathemalical PLysies, Puteersify of Edinburak | S olland

.E"I'.nf,'-ulﬂld 27 July 1964

PHYSICAL REWEW LETTERS | e:uomnmwm

SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
athematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1954]

SPONTANEOUS BREAKDOWN OF STRONG INTERACTION SYMMETRY AND THE

5 AND MASSLESS PARTICLES® ABSENCE OF MASSLESS PARTICLES

ren,f and T. W. B. Kibble A. A. MIGDAL and A. M. POLYAKOV
al C'IJ“E-'EE-' . London, Eng]m]d Submitted to JETP editor November 30, 1965; resubmitted February 16, 1966

Jetober 1964) J. Exptl. Theoret. Physics (U.S.8.R.) 51, 135-146 (July, 1966)

The occurrence of massless particles in the presence of spontaneous symmetry breakdown is
discussed. By summing all Feynman diagrams, one obtains for the difference of the mass




Higgs Boson Phenomenology - Summary in 1975
J. Ellis, M.K. Gaillard, D.V. Nanopoulos,

100 [F T ek I A Strange , e
- N Mﬂmu | New Particles
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We should perhaps finish with an apology and a caution. We

apologize to experimentalists for having no idea what is the mass of the

5)54)

Higgs boson, unlike the case with charm and for not being sure of

its couplings to other particles, except that they are probably all very
small, For these reasons we do not want to encourage big experimental
searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.
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Tevatron SSC

Ricerca del bosone di Higgs Y By

Tevatron Run II Preliminary, L<6.7 fb" -
R I'”'l""l """"""
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o B Oit
LEP precision meas. m, < 200 GeV/c? M = 175 GV
Tpb - m =(1_]O-':—I| GeV =
Fissata m,, nel Modello Standard si puo o .
calcolare sezione d’urto di produzione o, S
branching ratio, [~ MuT00Ge i
|
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o cresce molto rapidamente con E dei protoni ! /= Tev



Large Hadron Collider

Approvato da ECFA nel 1984

Collisore protone protone nel tunnel di LEP (2nR = 27 km)

Elemento critico: 1232 dipoli superconduttori (B = 8.3 T) alla temperatura

dell’Elio superfluido (1.9 K)
- Energia dei protoni: 7 TeV

2832 bunch / fascio

10! protoni / bunch

40.000.000 interazioni al secondo

Luminosita: 10°** cm s-!

7.5 m (25 ns)

e e A2

= ==

#e: v=0.999999991 ¢ = ¢ -10 Km/h => 11000 girifs
o 6 "™ 4interazioni “tra pacchetti “ ogni 107 secondi

) > 1 interazione protone-protone ogni 10-° secondi

Collisione tra quark o gluoni

s~ 1 particella nuova prodotta ogni 10 secondi



Large Hadron Collider /2

di moscerino (60 g) con velocita 20 cm/s ~ 7 TeV (1 protone ad LHC)

cmetlca

E.ieiica d1 moto (1500 kg) con velocita 40 m/s ~ 1.3 x 10° J (1 bunch ad LHC)

Einetica d1 nave (20000 ton) con velocita 6 m/s ~ (1 fascio ad LHC)
15 cm \

20 pm - - p--- [Liquefa 500 kg di rame }

Relative bearn sizes around IP1 (Atlas) in collision
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Superconduttivita permette di
salire di un fattore 100 nella
densita di corrente

da 1-5 A/mm2 a 100-500 A/mm?2

Filamento di Nb-Ti con spessore
di 7 um e lunghezza totale piu di
6 volte dostanza Terra-Sole.

120 ton di He superfluido (1.9 K)
80 MW per LHC

30 MW per esperimenti
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Integrated Luminosity [fb™]
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LHC: oltre ogni previsione
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ATLAS
massa totale:
diametro:
lunghezza:

ATLAS and CMS size

7000t
25 m
46 m

massa totale:
diametro:
lunghezza:

14000 t

28.7m

4B



Misure di quantita di moto

\
» -
a=0 p (6eV/c)=0.3 B (T)R (m)
qg>0 B CMS Tracker
silicon strip: 200 m?, 10M canali, c = 80-180 um
L silicon pixel: 16m?, 66M canali, ¢ = ~15 um
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Misure di energia
T —
Photodetector




peso totale: 14000 t C M S

diametro: 15 m ECAL 76k scintillating
PbWOQO, crystals
lunghezza: 28.7m N MUON ENDCAPS
HCALScintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid

Si Strips ~16 m?
~137k ch

P

~
&
' Steel + quartz
__Fibers ~2k ch

Pixels & Tracker

Tracker

* Pixels (100x150 um?)
ECAL ~ 1 m2~66M ch
HCAL *Si Strips (80-180 um)
~200 m2 ~9.6M ch
Muons " “" MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and

480 Resistive Plate Chambers (RPC)
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Trigger per esperimenti LHC

40 x 10° collisioni/s * 108 canali di acquisizione * 1 Byte =
4 PB/s di output (impossibile da gestire !)

Eventi interessanti (alto q2) hanno probabilita 10° -
106 volte piu piccola di eventi di QCD soffice

Trigger reduce rate di acquisizione da 40 MHz a 300
Hz selezionando gli eventi ad alto g% con buona
efficienza

Il processo deve avvenire real time (entro 300 ms)

Con “zero suppression” dimensioni di 1 evento ~ 1 MB
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0 LHC s=14TeV  L=10%em’s’ rate  eviyear

an T 1 1 Produzione bosone di Higgs a LHC
I I ] 16
——cinelastic L1 inputemeeey 012 71 q
b bt ] dyg H°  WW,ZZfusion: Ho
«—hb ! ! f
7 = f IMHz 410 ® q
max Detector output ] q
A .......max..L.‘]..output.a 10 12 — .
i ~ max HLT input ) En
ko e —t 10 i
: o | ] i
 HLToutpute———dy {10
b o ott : ————— et 10°
SUSYagagay | 1 10°
ta_n[3=2, u=m9=mq12 ; 10° F
tanp=2, =mg=m; -
N 10° 108000 720 140 160 180 200
4 M, [GeV]
~mHz 10
10’ : : .
. H->yy ~ 40/settimana (ricostruiti ~16)
; 10
N 30 H->ZZ-> 4leptoni ~ 8/mese (ricostruiti ~3)
I L i ]
50 100 200 500 1000 2000 5000 1

jet E; or particle mass (GeV)



CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.271030 GMT
Run/Event: 195099 / 137440354




CMS Experiment at the LHC, CERN

Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000 , ’Y’Y
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Events / 2 GeV

Events - Fitted bkg

H-> vy

19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

0
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Francgois Englert and Peter W. Higgs

"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 expenments at CERN S Large Hadron Collider"

e evwii-12 {s=7-8 laV
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300 400 500
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P i = 125.03 020 (stat. ) +g 12 (syst.) GeV




Ratio to SM

Misure di precisione sul bosone di

EPJC 79 (2019) 421 35.9fb" (13 TeV)
__"| L L L R 1

- Yukawa interactions

=

------- SM Higgs boson

—— (M, ¢) fit

Gauge _
interactions -
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_ + 1o :
, + 20
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ring-imaging

Cherenkov detectors calorimeters
(for measuring (for measuring energy)
speed) e

proton

positive pion photon
pipe for
protons from
Large Hadron
Collider

L o
= g R — 5 metres

vertex detector .. =
(for locating %
particle decays)
electron
"l neutrino

negative
kaon

magnet 3
antimuon

neutron

tracking detector ' '
(for measuring position) muon detector
(for identifying muons
and antimuons)

http://antimatter-matters.org/



Il rivelatore RICH di LHCb

5m SPD/¥
Magnet

RICH2
15-120 mrad

CF, gas
mrad
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Ricerca di Fisica oltre il Mode

Decadimenti rari: B ) 2> pp-

scopertaa 7.8 o
BR(BO,—p+p-)=(3.0+0.6+0.3) x 10~

Test universalita leptonica (e,
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Violazione di CP nel settore dei quark

1964 2001

Strange particles: Beauty particles:
CP violation in K CP violation in B®
meson decays meson decays

J. W. Cronin, BaBar and Belle
V. L. Fitch et al. collaborations

2019

1963
Cabibbo Mixin 1973 . Charm particles:
: b ° The CKM marix CP violation in D°
T

N. Cabibbo M. Kobayashi and meson decays

Mask
askawa LHCD collaboration




Matrice CKM e violazione di CP nel settore dei quark

LHCb ha migliorato la precisione con cui & misurato I'angolo
y del triangolo di unitarieta da 25° a 5°

Il miglioramento previsto nel futuro:

IlIlllllllllllllllllllllllllllll

..............................................

I

LHCb ha la prima evidenza della violazione di CP nel charm,
misurando le diverse probabilitd di decadimento di D° e DO
|n - e K+K AACP - ( 015410029)0/0



Il futuro di LHC
LHC progettato per /s = 14 TeV e £ = 1034 cm?s!

Nel Run-II ha raggiunto un picco di luminosita pari al

doppno della nominale a /s = 13 TeV

o6 e High
Luminosity
LHC

- Run-II Run-lll
2011 [ 2012 | 2C 15 12016 [2017 | 2018 2021 | 2022 2023
g‘lalchine: . T V T V
plic solidation

Exp.: 1 3TeV 1 4 L 1 4 € Energy
Beam pipe 5x nominal

8TeV 2x nominal luminosity instan.

7TeV luminosity luminosity
nominal :
75% nominal luminosity
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L'obiettivo di HL-LHC ¢é una luminosita integrata 20 volte
superiore rispetto ad oggi. Pileup fino a 200 eventi per
beam crossing (oggi fino a 50)



Upgrade di CMS

MIP Timing Detector

30-50 ps time tagging of
individual tracks to |n|<3

Barrel: LYSO Crystals + SiPM
readout (40 m?)

Endcaps: low gain avalanche
silicon detectors (14 m2)

~3x3x57 mm?3
Egep~4 MeV/MIP

—
T
R

166k cristalli
scintillanti letti con SiPMs

Pixel Detector

Sensori 3D al silicio per
rivelatore a pixel con migliore
granularita e resistenza alle
radiazioni

p** LR handle wafer

Metal to be deposited after thinning
Handle wafer to be thinned down



The Mission of CERN

Q Push back the frontiers of knowledge

E.g. the secrets of the Big Bang ..what was the matter like
within the first moments of the Universe's existence?

O Develop new technologies for
accelerators and detectors

Information technology - the Web and the GRID
Medicine - diagnosis and therapy

Q Train scientists and engineers of
tomorrow

Q Unite people from different countries
and cultures
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The prototypem x-y mutual capacitance -
touchscreen (left) developed at CERN2IBI
in 1977 by Bent Stumpe, a Danish
electronics engineer, for the control room
of CERN’s accelerator SPS (Super Proton
Synchrotron). This was a further
development of the self-capacitance
screen (right), also developed by Stumpe
at CERN*! in 1972,

Born at CERN

Tim Berners Lee di fronte ad uno schermo
con un immagine del primo browser WWW
(1991) per condividere documenti

Nel 1993 il CERN rinuncia a qualunque diritto,
distribuendo il codice sorgente



CERN —T1 miles
France 350
Ttaly 570
UK 625
Netherlands 625
Germany 700
Spain 850
Nordic 1300
USA - New York | 3900
USA - Chicago 4400
Canada - BC 5200
Taiwan 6100

Distributed Computing: the Grid

A Network Centric View of the LHC

O(10-100) meters
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The LHC Optical
Private Network
(LHCOPN)
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PET Principle
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Reconstruction

Parallel projections PET data (sinograms) PET images
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Adroterapia oncologica

Energia massima nel picco di Bragg = riduzione della dose nei tessuti attraversati,

1.
quasi nessuna dose nei tessuti pit in profondita del picco
2. Diffusione laterale molto piccola
100 A neutrons
200 MeV protons ——> .
4800 MeV carbon ions B
80
8 MV X-rays
o depth < range in matter
.§ 60
@ 3 MeV electrons
3 404 m = 0.5 MeV
e is small w.rt. the
masses of the matter
55 1 = nuclei
20 MeV electrons *. o
AR carbon fragmentatnoj ----- depth = range in matter
2
0 é IIO 115 2'0 2'5 30
depth in water equivalent (cm) 60 MeV protons
M = 940 MeV
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—  Adroterapia oncologica

Possibilita di fare trattamenti altamente conformi per tumori profondi
con precisione ~mm e dando una dose minima ai tessuti circostanti

9 X ray beams 4 proton beams

Courtesy of PSI - Villigen




fondozioneC NAL

National Center of Oncological Hadrontherapy for the treatment of tumours




PORTABLE DETECTORS FOR MICRODOSIMETRY
AND ION THERAPY

The new GEMTEQ detector developed at CERN could be used
to improve the effectiveness of cancer treatments. The detector
is based on GEMPix, which combines two CERN technologies,
Gas Electron Multipliers and Timepix, both used for detection
of ionising radiation. It will be used in microdosimetry, which
studies the absorbed dose in biological matter at cell level,

for a better understanding of radiation effects in human tissue.
To further increase portability, a sealed and low-pressure
version of the GEMTEQ was designed, assembled and made
fully operational at CERN. It was then successfully used for
measurements with protons and carbon ions at CNAO (The
National Center for Oncological Hadrontherapy) in Italy,

one of the few centres in Europe treating cancer patients

with carbon ions.

GEMPix at CNAO for the latest measurements in October and
December 2021



The best opportunity and highest priority for the next decade:

High Luminosity LHC

increase the luminosity up to 5x in order to collect 10x more data

Luminosity [cm2s71]
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2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

by the European Strategy Group

/ \

European Strate
pUpdate 9%

O

General considerations
for the 2020 update

A Europe, through CERN, has world leadership in accelerator-based particle
physics and related technologies. The future of the field in Europe and beyond depends
on the continuing ability of CERN and its community to realise compelling scientific
projects. This Strategy update should be implemented to ensure Europe’s
continued scientific and technological leadership.

B. The European organisational model centred on close collaboration between
CERN and the national institutes, laboratories and universities in its Member and
Associate Member States is essential to the enduring success of the field. This has
proven highly effective in harnessing the collective resources and expertise of the
particle, astroparticle and nuclear physics communities, and of many interdisciplinary
research fields. Another manifestation of the success of this model is the collaboration
with non-Member States and their substantial contribution. The particle physics
community must further strengthen the unique ecosystem of research centres
in Europe. In particular, cooperative programmes between CERN and these
research centres should be expanded and sustained with adequate resources in
order to address the objectives set out in the Strategy update.

C. The broad range of fundamental questions in particle physics and the
complexity of the diverse facilities required to address them, together with the need
for an efficient use of resources, have resulted in the establishment of a global

particle physics community with common interests and goals. This Strategy takes

into account the rich and complementary physics programmes being undertaken by
Europe’s pariners across the globe and of scientific and technological developments in
neighbouring fields. The implementation of the Strategy should proceed in strong
collaboration with global partners and neighbouring fields.




Future collider options (for 21st century)

« A major civil engineering challenge!
* It has to be sustainable.

M- Needs substantial R&D
CLIC (3.0 TeV) Muon.c‘olhder

ILC (0.5 TeV) /
CLIC (0.5 TeV) /

C3 (0.55 TeV)/

FCC/ CEPC

e —e RSN P T
ILC (International Linear Collider)

Fermilab site

:’ Muon \l
: collider
\
- (10 Tev) /
1 km

CEPC (Circular Electron Positron Collider), China




I’ﬁ’FH Istituto Nazionale di Fisica Nucleare
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« Italyis a CERN founding member CERN with a strong tradition in
particle physics
 KEdoardo Amaldi: one of the founding fathers of CERN

 Three Directors General from Italy:
Carlo Rubbia, Luciano Maiani, Fabiola Gianott:
 INFN brings together ~ 5000 researchers
« ~ 600 Italian physicists have collaborated to the realisation of the LHC
« Italian industries have constructed extremely important high-tech
components for the LHC (Ansaldo i1s one of the three contractors for
LHC magnets and a key contractor for CMS coil (the world’s largest
superconducting coil)
« Italian Nobel Prizes related to advance of Particle Physics:
1938: E. Fermi
1984: C. Rubbia
2022: G. Parisi



