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La fisica ai collisori

1) Concentrare energia sulle

particelle nell’ Acceleratore

Studiando gli stati finali prodotti nelle collisioni capiamo quali

sono i mattoni fondamentali della materia, a quali interazioni
sono sensibili, come acquisiscono massa

Ny = € oy | Ldt
Confronto oy con o5y 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 piu piccole “

. *© 0 Louis
E=hv, h=costante di Planck e de Broglie
1 TeV = 0.001 fm . "L
v' creare huove particelle a grande massa &
L TPy Albert
E=mc2 Einstein
v studiare la dinamica dell’ universo
poco dopo il big bang i
Boltzmann

E = kT, k = costante di Boltzmann
leV ~0O(10%) K 1TeV ~0O(1017) K




Ciclotrone

To vacuum
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1930, E. Lawrence, protoni da 100 MeV

I primi acceleratori

Cockroft Walton
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CERN, protoni da 800 keV



THE PRINCIPAL MACHINE COMPONENTS OF THE LEP ACCELERATOR.

‘ Il sincrotrone
~ @ 1959: Proton Synchrotron

BENDING MAGNET

. 2nR = 628 m

2] . A Emax(p) = 28 GeV

v = 1975: Super Proton Synchrotron
=] 2nR = 7 km

Emax(p) = 450 GeV
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CERN (Conseil Européen pour la Recherche Nucléaire)

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

v Oggi CERN = European Laboratory for Particle Physics
v' E il pit grande laboratorio di Fisica Fondamentale al mondo

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






Installazione camera a bolle Gargamelle (1970)




Evento di corrente debole neutra (1973)
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/ Multi Wire Proportional Chamber

— o
NN A =7 . 6.Charpak, 1967
i Y/ (Premio Nobel nel 1992)
| ﬁ i |
ST i Primo rivelatore elg’r’r.ronico,
permette alte statistiche

d~1mm
Rwir'e ~ 20 pm

o ~d/ V12~ 300 pum

Amplficazione nel gas necessaria,
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”

UA1l e UA2 prendono dati dal 1981 al 1990
- Scoperta del W (1982)
- Scoperta della Z (1983)




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

LEP-I (1989 - 1995)
14/7/1989: i primi fasci circolano con /s ~ 91 GeV
O11.1989: 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

Na
é Ir 4
S

Possibilita di scoperta di Higgs SM fino a @5“
My ~ 110 GeV/c? S
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Precise determination of the LEP beam energy
Precise measurement of the Z mass and width

AE [MeV]

AE [MeV]

Misura energia del fascio a LEP

| 11. November 1992
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11. October 1993

28th November 2019, CERN

(107 relative accuracy, ~ 1 MeV)

Axis of earth rotation

Ecliptic

S.Myers LEP 30 Colloquium

Small changes of energy accurately measured
(energy change from 1mm circumference change)
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Il modello standard non predice le masse delle partice
Quale ¢ I’origine della massa ?

Perché questo pattern di mg

Y € g non d )
hanno massa

PROTONE



The Higgs Mechanism

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

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

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P. W. HIGGS
Tudl Instérute of Mathematical Plysies, Vniverstly of Edinburph, 5S¢ otland

Received 27

Jt.ly 1964

" PHYSICAL REVIEW LETTERS T 19 OcrosER 1964

SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
athematical Physics, University of Edinburgh, Edinburgh, Scotland
(Recclved 31 August 1964)

—~— T N
L. kb e

SPONTANEOUS BREAKDOWN OF STRONG INTERACTION SYMMETRY AND THE
ABSENCE OF MASSLESS PARTICLES

en,i.and T. W. B. Kibble A. A. MIGDAL and A. M. POLYAKOV
ial College, London, England Submitted to JETP editor November 30, 1965; resubmitted February 16, 1966
Jetober 1964) J. Exptl. Theoret. Physics (U.S.S.R.) 51, 135-146 (July, 1966)

5 AND MASSLESS PARTICLES*

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, IVI K. Galllard D.V. Nanopoulos,

100 [F | r——‘z-L |
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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

Higgs boson, unlike the case with charm 3)14) 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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WU, T, KK, thresholds New particle threshold

Higgs Boson Mass (MeV)



Ricerca del bosone di Higgs

Tevatron Run Il Preliminary, L<6.7 fb"

UL L L L B I""!""! """"""
LEP Exclusnon Tevatron
‘ . f Exclusmn

) £ s1o Expected ...
. E ....20 Expected

95% CL Limit/SM

[ <........._....Tevatron Exclusm ......... ....... .............................. _

o (proton - proton)

A T I . .‘{“!Vl’? ?‘?‘91 .
100 110 120 130 140 150 160 170 180 190 200
m,(GeV/c )

LEP direct exclusion: my > 115 GeV/c?
LEP precision meas. my <200 GeV/c?

Fissata my nel Modello Standard si puo
calcolare sezione d’urto di produzione o,
branching ratio,

c cresce molto rapidamente con E dei protoni !

1mb

1nb

Tevatron SSC

I SPSJ'll LHf l

S
EJ >0.25 TeV

0.001 0.01 0.1 1.0 10 10
Vs 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;1_ ;(25 ns)
[ (v =0.99999998 ¢ = ¢ -10 Km/h)

@@ " 4interazioni “tra pacchetti “ ogni 107 secondi

ﬁi

1 interazione protone-protone ogni 10” secondi

" Collisione tra quark o gluoni

-1 particella nuova prodotta ogni 10~ secondi



Large Hadron Collider /2

Ecinetica d1 moscerino (60 g) con velocita 20 cm/s ~ 7 TeV (1 protone ad LHC)

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

E inetica d1 moto (20000 ton) con velocita 6 m/s ~ (1 fascio ad LHC)
15 cm \

20 um - - '( )_ o [Liquefa 500 kg di rame }

Relative beam sizes around IP1 (Atlas) in collision



Superconduttivita permette
di salire di un fattore 100
nella densita di corrente,da
1-5 A/mm? a 100-500 A/mm?,
grazie al crollo della potenza
dissipata

120 ton di He liquido

80 MW per LHC
30 MW per esperimenti
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LHC: oltre ogni previsione

CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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&N ATLAS and CMS size

ATLAS CMS

massa totale: 7000t massa totale: 14000 t
diametro: 25 m ! diametro: 15 m
lunghezza: 46 m lunghezza: 28.7m

’ "
|
[



Misure di quantita di moto

p (6eV/c) = 0.3 B (T) R (m)

CMS Tracker
silicon strip: 200 m?, 10M canali, = 80-180 um
silicon pixel: 16m?, 66M canali, c = ~15 um



Misure di energia

—ﬁ
Photodetector




peso totale: 14000 t C M S

diametro: 15 m 76k scintillating
ECAL PbWO, crystals

Iunghezza: 28.7m MUON ENDCAPS

HCALScintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid

Si Strips ~16 m2
~137k ch

Steel + quartz
4 . Fibers ~2k ch

e
T

Pixel L

Tracker Pixels & Tracker
« Pixels (100x150 um?)
ECAL ~ 1 m? ~66M ch
HCAL *Si Strips (80-180 um) Y| e B
~200 m? ~9.6M ch b Ny W
Muons MUON BARREL e
Solenoid coil 250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC)
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Silicon

TraCker if':: _:‘;. % [T 4
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Calorimeter Superconducting
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Key:
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Neutral Hadron (e.g. Neutron) Photon




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 q2 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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Riscoperta del Modello Standard nel 2010
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CMS Preliminary
\s=7TeV, L =40pb’
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a LHC s=14TeV  L=10"em’s’ rate  evlyear

- Produzione bosone di Higgs a LHC
16
g————qinelastic L1 inpu’c—mﬁHz 10 q
0 " 5 .
t
14 : 0 B
mb b 10 g9 fum H WW, ZZ fusion :
MHz 10 : q
max Detector output
max L1 output 10 " 8 ‘ | ‘ .
max HLT input g = =
ub 0" 5 |
g
kHz =10 " P10 it
+
g c F
HLT OUtput s— 10 a I
i 02k
10 T
? L
10 10_3_
10°
0° 108000 20 740 160 180 200
1 M, [GeV]
10
10° . : .
. H->yy ~ 40/settimana (ricostruiti ~16)
10
" H->ZZ-> 4leptoni ~ 8/mese (ricostruiti ~3)

a0 100 200 500 1000 2000 5000
jet E; or particle mass (GeV)



CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.2 ‘ GMT
Run/Event: 195099 / 137440354 \

corerr O




CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000
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Events / 2 GeV

Events - Fitted bkg
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The Nobel Pnze in Phys1cs 2013

Frangois 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 experlments at CERN S Large Hadron Collider"

L LY o T evii-12 E=7-B [=\Y)

1077 e
m— Observed {5559 bq.m.wuag T 0

200 300 400 bUU

m, [GeV]

o _ o ; 3;
MH = 125 03 +o »7 (stat.) J—r0.15




My
V'V

me

Ratio to SM

107"¢

Misure di precisione sul bosone di Higgs

EPJC 79 (2019) 421

35.9 fb' (13 TeV)

'CMS

- Yukawa interactions
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All results at: http://cern.ch/go/pN;j7

Misure di precisione sul Modello Standard

CMS Preliminary

April 2020
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@ 7 TeV CMS measurement (L < 5.0 fb™)
B 8 TeV CMS measurement (L < 19.6 fb™)
i 13 TeV CMS measurement (L < 137 fb™)
- Theory prediction

Z 4 Z CMS 95%CL limits at 7, 8 and 13 TeV
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ring-imaging _
Cherenkov detectors calorimeters
(for measuring (for measurlng energy)
speed) ,

positive pion photon Pt

pipe for
protons from magnet
Large Hadron
Collider I I

| 1
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neutron

vertex detector
(for locating
particle decays)
electron
negative
kaon

l I "B neutrino

antimuon

5 metres

tracking detector '
(for measuring position)

muon detector

(for identifying muons
and antimuons)

ttp://antimatter-matters.org/




Il rivelatore RICH di LHCb

O RICH2
\ 15-120 mrad

RICH1
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Ricerca di Fisica oltre il Modello STandard a LHCb

Decadimenti rari: B () > pru-

scopertaa /7.8 ¢

BR(BO,—p+p-)=(3.0+0.6 £0.3) x 109
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Violazione di CP nel settore dei quark

1964 2001
1956 Strange particles: Beauty particles:
Parity violation CP violation in K CP violation in B
T.D. Lee, meson decays meson decays
C. N. Yang and J. W. Cronin, BaBar and Belle
C.S.Wu et al. V. L. Fitch et al. collaborations

1963 1973 2019 _
Cabibbo Mixing he CKM matrix Charm particles:

. T e
N. Cabibbo M. Kobayashi and CP wolztlon inD
T Maskawa meson decays

LHCDb collaboration




Matrice CKM e violazione di CP nel settore dei quark

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

Il miglioramento previsto nel futuro:

ttttt
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...........................

LHCb ha la prima evidenza della violazione di CP nel charm,
misurando le diverse probabilita di decadimento di D° e D°
in t'n- e KK AAcp = (-015410029)0/0



Il futuro di LHC
LHC progettato per /s =14 TeV e £ = 103* cm2s!

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

doppio della nominale a /s = 13 TeV

High
Luminosity
LHC

) LHC

Run-I Run-II Run-IlI
2011 [ 2012 | 2C 5 [2016 [ 2017 | 2018 2021 | 2022 2023

Machine:
Splice consolidation
Exp.: 1 3TeV 1 4Tev 1 4Tev Energy
Beam pipe 5x nominal

8TeV 2x nominal luminosity instan.

7TeV _ luminosity luminosity
nominal -
75% nominal luminosity
luminosity _—
/ .
25fb-1 150fb-1 >300fb-1 3000fb-1 :[]‘rﬁ?n’j;?t‘j

L'obiettivo di HL-LHC e 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 Pixel Detector

30-50 ps time tagging of Sensori 3D al silicio per

individual tracks to |nl<3 rivelatore a pixel con migliore
granularita e resistenza alle

Barrel: LYSO Crystals + SiPM radiazioni

readout (40 m2)
Endcaps: low gain avalanche
silicon detectors (14 m2)

~3x3x57 mm3
Egep~4 MeV/MIP

-

—t

p** LR handle wafer

166k cristalli
scintillanti letti con SiPMs

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




CERNHIOURCECNRNISSA Y2 EUNG gn SIAIES

23 Member States
2500 staff
1800 other paid personnel

13000 scientific users from 600
scientific institutions 4 \

Budget ~ 1.2 Billion CHF /year

Pre-Stage to Membership: Cyprus, Serbla, Slovenia

Associate Member States: Croatia, India, Lithuania,
Pakistan, Turkey, Ukraine

Observers to Council: Japan, Russia, United States
of America, European Union, JINR and UNESCO




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 (signed in 1953)

“T'he 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”



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?

Q Develop new technologies for
accelerators and detectors

Information technology - the Web and the 6RID
Medicine - diagnosis and therapy

O 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 CERNI2IS]
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



A Network Centric View of the LHC

Distributed Computing: the Grid

detector
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Neutron-deficient
isotope

PET dta acquisition

Reconstruction

Parallel projections PET data (sinograms) PET images
62




onco oglca

Adroterapia

1. Energia massima nel picco di Bragg = riduzione della dose nei tessuti attraversati,
quasi nessuna dose nei tessuti pit in profondita del picco
2. Diffusione laterale molto piccola

neutrons

200 MeV protons ——>
4800 MeV carbon ions

8 MV X-rays

depth < range in matter

3 MeV electrons
m = 0.5 MeV

is small w.r.t. the
masses of the matter
nuclei

relative dose

S~

20- 1
20 MeV electrons *, o] e .
carbon f'ag’“e“tamj ----- depth = range in matter
0 T — T T T
0 5 10 15 20 25 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




Il futuro del CERN ?

European Particle
Physics Strategy
deve essere definita

a breve

Future Circular Collider
e una possibile opzione




