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Exerci ses/ questionse

1) During the LEP run (1996), two bottles of beer have been found inside the vacuum pipe.

In the LHC, neglecting the problem of finding a bottle that can fit in the aperture,

where would you place the bottle to minimise the emittance blow-up due to the multiple
scattering introduced by the glass (Consider the collision optics)? At one of the IPs? In one of the
collimation sections? In one of the arcs? Motivate the solution

2) How many dipoles form the LHC lattice, knowing that at p=7 TeV each magnet has a field of B=8.33
T and a length of about L=14.2 m?

3) Compute the energy stored in the main dipoles at top energy, for an inductance of 98.7 mH and a
current of 11850 A.

4) How many turns would take for a proton in the LHC to drop out of the LHC vertical aperture of 28
mm due gravitation ? The LHC revolution frequ
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What are we doing today ?

https://op-webtools.web.cern.ch/vistar/vistars.php
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LHC cycles: typical days (good and bad ....
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First question: what is the relationship
between this, the moon, and a train?
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The agenda...
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Interlude: a brief recall of energy scales

A WARNING: for purists or non-experts: Energy, Masses and Momentum have different units, which turn to be the same
since c (speed of light) is considered equal to one.

Energy[GeV], Momentum [GeV/c], Masses [GeV/c?]
(Remember golden rule, E=mc? has to be true also for units...)

A Just an as a rule of thumb: 0.511 MeV/c? (electron mass) corresponds to about 9.109 103! kg

An Example about enerqgy scales: my cellular
Voltage: 3.7 V

Height: 4.5cm
proton mass ~ 1 GeV

To accelerate an electron to an energy equivalent to a

phone battery.

proton mass:

1 GeV/3.7 eV =270 270 270 batteries
270 270 270 batteries * 0.045 m ~ 12 000 000 m

j
i
\
\
N
A\
N
3
T
N 3

, 12 000 000 m ~ THE EARTH DIAMETER
Obviously one has to find a smarter way to accelerate particles to
high energies instead of piling up cellular phone batteries ....
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/‘W Introduction to accelerators Electron Injection, Storage and Synchrotron Radiation Light Generation
S. Gilardoni in the Storage Ring ASTRID. (Credit: Coldvision Studio/ISA)
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Building Blocks of an accelerator

2) An accelerating system
DD ) ) y |

yid

1) A particle source
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Where we are going to go ....

(:()()SIL' Maps RS Explorer « +'Q Se connecter

Q Street View

CERN - Large Hadron
Collider tunnel

The European Organization for
Nuclear Research, knownas CERN,
located in the suburbs of Geneva,
Switzerland, is the world's largest
particle physics laboratory where
some of the world's best physicists
and engineers useadvanced particle

375 I

Afficher dans Google Maps

CERN
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https://www.google.com/maps/views/view/streetview/cern/cern-large-hadron-collider-tunnel/1Sw5-a2UInAAAAQJODm7LA?gl=us&heading=311&pitch=78&fovy=75

CERN accelerator complex overview

LHC

ALICE oy, North Area, G
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CERN accelerator complex as now

Kinetic energy
of a proton (K)
50 MeV 31.4 Linac 2
LHC 1.4 GeV 91.6 PS Booster
25 GeV 99.93 PS
ALICE o Zﬁ..ﬁ?if’.‘.ﬁ.‘fﬁ‘.‘._ LHCb 450 GeV 99.9998 SPS
7 TeV 99.9999991 LHC
SPS TT42
I AWE
2016
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}Qaa m\
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[ 2020 G1m) | ISOLDE
B()()STER [ 1992 ]
TT10 RiBs ﬁREX/HlE
TOF 2001/2015
" ] East Area |
\/,4—\ 1959 (628 m)
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N A '
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lltl)ns
P H™ (hydrogen anions) p ions P RIBs (Radioactive lon Beams) P n (neutrons) P p (antiprotons) P e (electrons)
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Basically accelerators brings you ...

from nearly a bottle of hydrogen to alittle bit before this

| —

at the LHC, CERN
\

How much time(distance) does it take from the source to collisions ?
(assumption, protons travels always at the speed of light)

In the Linac 4, basically nothing.

In the PSB, a bit less than than 1.2 s.
In the PS, a bit less than 3.6 s

In the SPS, a bit less than 16.8 s

In the LHC, minimum 30 minutes

18216s Y 546 HKn8O

about 3.7 time the distance Sun-Earth
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How long does it takes a turn in the LHC ?

89 microseconds A 1 LHC turn

5 milliseconds 7 a honey bee's wing flap OR ~ 56 LHC turns

The average human eye blink takes 350 milliseconds OR ~ 3930 LHC turn
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https://en.wikipedia.org/wiki/Honey_bee
https://en.wikipedia.org/wiki/Blink

Why particle accelerators ?

Why accelerators?: need to produce under controlled conditions HIGH INTENSITY, at a CHOSEN ENERGY
particle beams of GIVEN PARTICLE SPECIES to do an EXPERIMENT

An experiment consists of studying the results of colliding particles either onto a fixed target or with another
particle beam.
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The cosmos accelerates already particles more than the TeV

While | am speaking about 66 10° particles/cm?/s are traversing your

body, about 10° LHC-equivalent experiment done by cosmic rays

With a space distribution too dispers:
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To accelerate particles, nature can count on exceptional phenomena

Li ke supernov
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History/Energy line vs dlscovery potentlal
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) Year of First Physics
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The right particle for the right scope

Electrons (and positrons) are (so far) point like Protons (and antiprotons) are formed by quarks
particles: no internal structure (uud) kept together by gluons

QL \/ o)
.PW« Q /\\

The energy of the colllder namely two times the The energy of each beam is carried by the proton
energy of the beam colliding is totally transferred constituents, and it is not the entire proton which

Into the collision collides, but one of his constituent
Ecoll= Ebl+ Eb2=2Eb = 200 GeV (LEP) Ecoll (about 2 TeV at LHC) < 2 Eb (14 TeV)
Pros: the energy can be precisely tuned to scan for Pros: with a single energy possible to scan different
example, a mass region. processes at different energies.
Precision measurement (LEP) Discovery machine (LHC)

Cons: above a certain energy is no more possible Cons: the energy available for the collision is lower
to use electrons because of too high synchrotron than the accelerator energy
radiation
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What is the LHC ? H = HADRON

— PROTON
Protons are hadrons because are made of quarks NUCLEUS s
---- ELECTRON
t P -
* udu Ve
o
W
udd
How many quarks in a proton? 4
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Different approaches: fixed target vs collider

Fixed target Storage ring/collider

Froton-Froton (2835 x 2835 bunches
0 Protons/bunch - 10™

fccun VLATOR Beam energy 7 TeV (Tx102eV
: Luminosity 10 cm g
‘Fﬁg '"*ﬁ:_.& Crossing rate 40 MHz
Proton
Collisions = 107 - 107Hz
Parton
iguark, gluon)
o
o
' Higgs
N AV g .
Particle . e: A &
: et ¥
jat SLSY.....
_ 2 2 .4 _ 2
ECM \/2 (Ebeammc —I_ m=c ) << ECM — 2 Ebeam _|_ mC
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CNGS, conventional man-made neutrino beam

Helium bags Decay tube Hadron stop Muon detectors
Target Reflector  catiuay
Horn : :
T
> g - Pion / Kaor
Proton! | .
beam &im 434m |\ 0

¥ ~100m
: 1095m i _18m_,:5m;,_ 67m ;5m;

-
L % L) "< »

neutnno trajeclory >

CERN to Grans Sasso

Prévéssin-Moéns

Emilio-Romagna
Monte-Maggiorasca

Piemonte

LEP/LHC

_T32am__
“Theutrino beam ———»

Meyrin Site A

CNGS looked for 3pappearance in a beam of 3¢
The beam was sent from the SPS at 400 GeV/conthe Ctarget.ltwasionl yo a 450 kW beam
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Cyclotron application: cancer therapy, photons vs protons
Photons Protons
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Different approaches: fixed target vs collider

Fixed target Storage ring/collider

Froton-Froton (2835 x 2835 bunches
0 Protons/bunch - 10™

fccun VLATOR Beam energy 7 TeV (Tx102eV
: Luminosity 10 cm g
‘Fﬁg '"*ﬁ:_.& Crossing rate 40 MHz
Proton
Collisions = 107 - 107Hz
Parton
iguark, gluon)
o
o
' Higgs
N AV g .
Particle . e: A &
: et ¥
jat SLSY.....
_ 2 2 .4 _ 2
ECM \/2 (Ebeammc —I_ m=c ) << ECM — 2 Ebeam _|_ mC
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Collider: LHC with 4 collision points (IP)

4 main experiments A Alice, ATLAS, CMS, LHDb

Where the beam size is reduced to aminimum A i mport ant
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The Large Hadron Collider : the LHC

The largest machine and scientific instrument ever built by mankind

Quantity Number
LHC: big, cold, hi Circumference 26 659 m
== == Collimation "Injéctionﬁéé),_ sesse e Dipole operating temperature 1.9 K (-271.3°C)
Number of magnets 9593
, . : = ’ ; ; Number of main dipoles 1232
g —_—— ' e - B Number of main quadrupoles 392
T Nominal energy, protons 6.5 TeV (6.8 TeV)
N Nominal energy, protons collisions 13 TeV (13.6 TeV)
Collimation
= l N No. of protons Some 10%4
Number of turns per second 11245
Number of collisions per second 1 billion
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Why the LHC Is so complicated?

One has to control ~2000 needles travelling at the speed of light with the energy sufficient
to melt 2.5 tons of copper in such a way that they meet each and every single second about 11000 times.

While leaving at a temperature which is cooler that the empty space and 100 m underground.
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Weighted

CMS Preliminary —e— S/B Weighted Data
(s=7TeV,L=5.1fb"  — g:B;;‘C t
- _ g e g Fit Componen
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SPEECH DELIVERED BY PRCFESSOR NIELS BOHR
OF_THE OCCASION OF [HE INAUGURATION OF THE CERN PRCTON SYNCHROTRON

ON 5 FEBRUAERY, 1960 Press Release PR/56
12 February, 1960

It may perhaps seem odd that apparatus as big and as
complex as our gigantic proton synchrotron is needed for the
investigation of the smallest objects we know about. However,
just as the wave features of light propagation make huge telescopes
necessary for the measurement of small angles between rays from
distant stars, so the very character of the laws governing the
properties of the many new elementary particles which have been
discovered in recent years, and especially their transmutations in
violent collisions, can only be studied by using atomic particles

accelerated to immense energies. Actually we are here confronted
with mocst challenging problems at the border of physical knowledge,

the exploration of which promises to give us a deeper understanding
of the laws responsible for the very existence and stability of
matter.

All the ingredients are there: we need high energy particles produced by large accelerators to
study the matter constituents and their interactions laws. This also true for the LHC.

Small detail... Bohr was not completely right,thei n e wo e | e me n arenotelementary | c | «
but mesons, namely formed by quarks

NS
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What is the LHC ? L = LARGE A 27 km

Large: high energy needs large bending radius due to
the maximum magnetic field existing technology can
produce 26.7 km circumference

Mass (MeV)
01 1.E+02 1.E+03 1.E+!

Electron [ T.sn
Muon

Tau

105165

17

|
Up__:_ 3

Down 6

25

Strange
Charm
Bottom

Top

115

125

7.05

250

173800

139.57

_ Magnetic Field pion(charged) |
Something related to the | jmjted by technology Fenteutran

force to keep particles Proton
on track

134.97

938.27

Neutron .56
photon
gluon

w

80410

z 91187

AT Lo

Higgs 126000

——— bi cold, high éh'ergy> —

= Collimation ypjacfionB2 =~

- > .
Collimation

3 = Radius: limited by cost,
and by the radius of the Earth...

Energy : given by the physics
This will depend on the mass of the
particles we want to discover
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Courtesy V. Shiltsev
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FCC
(O Muon Collider

o> 5 ar Py

Muon Colliderring S8
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FUTURE The FCC integrated program

CIRCULAR

COLLIDER nspired by successful LEP T LHC programs at CERN

comprehensive long-term program maximizing physics opportunities

stage 1: FCC-ee (Z, W, H, @ as Higgs factory, electroweak & top factory at highest luminosities

stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options
complementary physics

common civil engineering and technical infrastructures, buildingon and reusing CERNOGOs e
FCC integrated project allows seamless continuation of HEP after completion of the HL-LHC program

i ;— f transfer lines proposed to be
a+y 4 Injection installed inside FCC-hh ring tunnel
7\ into boost:
/ RAExperiment site)

Azimuth =-10.2°

o o o T I

PA (Expgriment site) Azimuth =-10.2°

e — = = — =P

{ Injection into collider |S88=1400m N \_\ Injection
' ) Technical site | i
- i Technical site ieal i Beam dumg LSS = 2160 m Technical site
- Technical site (O = Q)
[Fr & - 8 R LSS 2160T PB Beam dump
! “ 400 MHz RF N . - )
s N I s
AN /

~
Arc length = 9616.586'm 4
booster N

g
. A
S $SS = 1400 m
ma PO =0 VD L e PD PG — — — — — — — — — PD
. Schematic of an . SSS = 1400 i (Secondary SSS=1400m | (Secondary
4 80 - 100 km (Optional = m 1 {Optional experiment experiment
Experiment Experiment ite) site)
g long tunnel site) ite)
ical si N Betatron &
Technical ste\ X Lss = 2160 m LSS = 2160 m Jof"Technical site ©€1arON Technical site W Lss = 2160 m LSS = 2160 m Jof Technical site
PF momentum PF o
800 MHz RF SSS = 1400 m collimation Momentum SSS = 1400 m Betatron collimation
collimation
PG (Experiment site) PG (Experiment site)

2070 - 2090++
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L=4.0km
D_theta = 29deg
DZ=64m

L=4.0km
D_theta = 131deg
DZ=110m

NS
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[ FCCee physics run J

2047 1
20467

T
2044171
20431
20421

End of HL-LHC operation i

Start accelerator installation [
2039 |

Start accelerator commissioning

20381
2037171

Start accelerator component production i

Technical design & prototyping completeoi20 :

2033 i
Ground-breaking and start civil engineering !

Start engineering design Bt
Completion of HL-LHC: more ATS personnel availzislay
T

FCC Approval, R&D, start prototyping —

European Strategy Update i
FCC Feasibility Study Report '

)
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2047
2046

2044
2043
2042

2040
2039
2038
2037

2034
2033
2032

2030
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T

e
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Start detector commissioning

Start detector installation

Start detector component production
Four detector TDRs completed

Detector CDRs (>4) submitted to FC3

Completion of HL-LHC upgrade: more detector experts
FO” 1ulnauuin avaiiadble CuKs, culiauuiatiuli

forming
European Strategy Update

Detector Eol submission by the community

N

@ FCCee Accelerator

Key dates

FCCee Detectors
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1 BB '3 . 19 FcCee, || 10 years ] FCC-hh,
~ 15 years operation ~ 25 years operation
FeasbiityStudy | ESPP |
FCC-ee dismantling, CE
Geological investigations, infrastructure Tunnel, site and technical & infrastructure
detailed design and tendering preparation infrastructure construction adaptations FCC-hh Purely
technical

FCC-ee accelerator and detector R&D and technical

design

Superconducting magnets R&D

FCC-ee accelerator and detector
consfruction, installation, commissioning

Long model magnets,
prototypes, pre-series

FCC-hh accelerator
and detector R&D
and technical design

schedule

High-field magnet
industrialization and
series production

FCC-hh accelerator and detector
construction, installation, commissioning

y 1 Feasibility Study: 2021-2025
-2 a1 - .
S L/IP (cm2s1) | Int. L/IP(ab™') | Comments If pI‘OjeCt approved before end of
ee ~90GeV z| 230x10% | 75 2-4 experiments decade  construction can start
240 H 8.5 25 Total ~ 15 years of beglnnlng 2030s
~365 top | 1.5 0.8 operation FCC-ee operation ~2045-2060
pp 100 TeV 5 x10% 2+2 experiments FCC-hh operation ~2070-2090++
ECC-hh 30 20-30 Total ~ 25 years of
operation
PbPb Vsnn = 39TeV 3x10% 100 nb-'/run | 1 run =1 month ] . . )
FCC-hh o operation From : F. GiannottiT FCC week i Paris 2022
ep 3.5 TeV 1.5 103 2 ab™ 60 GeV e- from ERL
Fcc-eh Concurrent operation
with pp for ~ 20 years
Introducu W =l.} Vsen=2.2TeV | 0.510% 1 fo-t 60 GeV e- from ERL
Fcc-eh Concurrent operation
e with PbPb_
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