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Large Hadron Collider (LHC)
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» Built at CERN (conseil européen pour la recherché nucléaire), Straddling the
French/Swiss border
e 27 km in circumference

o Currently colliding beams of 6.5 TeV/beam
— Design energy of 7 TeV
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Synchrotron Ring Schematic
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Electrons vs. Protons

o Electrons are point-like
— Well-defined initial state

% — Full energy available to interaction

"
Jed Bl

* Protons are made of quarks and gluons : ro—
— Interaction take place between these constituents. v A————
— Only a small fraction of energy available, not well- :
defined. i .
Uiy 1'%‘.3.-” >
— Rest of particle fragments — big mess! =] St
meadring v, e =

So why not stick to electrons? W A

G=n
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¢ Synchrotrons are the most widely used accelerators
* Beam of particles is constrained in a circular path by bending dipole magnets

» Accelerating cavities are placed along the ring

» Charged particles which travel in a circular orbit with relativistic speeds emit
synchrotron radiation B

Amount of energy radiated per turn is: e
4 23,4 — e
E* _q°B Q __>_ >

330' )* p 3&0p \ ——

electron

here q is the electric charge of a particle, 8 = v/c,y = (1 — £2)~%/2, and p is the radlus of the orbit.

4 4
m 938 MeV
—2) ={————] =11-10%
me 0.511 MeV

For § = 1, the energy AE lost per turn has a numerical value given by:

E4
AE (keV) = 88.5 ? (E in GeV,pinm)

Some numbers: For large electron positron collider LEP at 86 GeV, AE = 1.37 GeV /electron.
There are about 6-10%2 electrons per beam and hence the power required to make up for this loss
= 20 MW . Power needed for RF is about 96 MW.
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Proton and electron velocity vs. kinetic energy

- Proton

—— Electron
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\/Tlabz + 1863+ 41 - Tiap | 9315 - Ay + Tiap
Lorentz contraction factor:  y =

beam velocity: =
- B 931.5:-A4; + Tjy 931.5- 4,

\/Tlabz + 1863 Ay - Ty
931.5- 4,

total energy: E =Ty + mg - ¢2 B-y=

The relevant formulae are calculated if A,, Z, and A,, Z, are the mass number (u) and charge number of the projectile and target
nucleus, respectively, and T, is the laboratory energy (MeV).
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Large Electron Positron Collider (LEP)

= For relativistic particles, y = E/mc?, hence energy loss grows dramatically with particle
mass decreasing, being especially big for electrons. (AEgjectron/AEproton =~ 1013)

Limits on the amount of the radio-frequency power means that electron synchrotrons (large
electron positron collider LEP, used from 1989 until 2000 at CERN) can not produce beams
with energies more than 100 GeV.

LHC - B CERN

St TM? ALICE
' '4:’ nt “=i Point 2

=
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Electron versus proton machines

Electron Machine

Proton Machine

Clean - no other particle
involved than ete™

Messy - gq or qq interact and
rest of p or p is junk.

Lower energy for same radius
(synchroton radiation). LEP
ete™~200 GeV

Higher energy for same radius.
LHC (pp) in LEP tunnel
~14 TeV

Energy of e*e™ known

Energy of qq or gg not known

Fixed energy (for a given set
of operating conditions),

Range of gq or gqq energies for
fixed pp or pp energy.

Best for detailed study

Best for discovering new
things

Hadron Collider (note, proton is a complex mixture of quarks and gluons):
Crazy background due to splashed quarks and gluons connected by complex

color-charge strings.
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** The bending field changes with particle beam energy to maintain a constant radius:

Iz 5 BT
plml "7 B-E[GeV] " cplGeV]

Example: for the large hadron collider LHC (p = 2805 [m]) and a magnetic field of the
superconducting dipoles is B = 8.33 [T] (B;,,, = 1.5 [T]) one obtains an energy of E., = 7 [TeV]

B ramps in proportion to the momentum. The revolution frequency also changes with momentum

= Maximal momentum is therefore limited by both the maximal available magnetic
field B and the size of the ring p.

% To keep particles well contained inside the beam pipe and to achieve the stable orbit,
particles are accelerated in bunches, synchronized with the radio-frequency field.

% Analogously to Linacs, all particles in a bunch has to move with the circulation
frequency in phase with the radio-frequency field.

% Requirement of precise synchronization, however, is not very tight: particles behind the
radio-frequency phase will receive lower momentum increase, and other way around.
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% Requirement of precise synchronization, however, is not very tight: particles behind the
radio-frequency phase will receive lower momentum increase, and other way around.

Electromagnetic wawve is traveling, pushing particles along with it )

1 | Positive parficles just sitting thene

Electromagnetic Wave

as seen from above
(red is +, blue -)

I'-u“bvmg electric wave
+A |
§ {\

PDSltwel}r charged particles I{J]I closze to the crest of the

E-M wave experience the maost force forward; those
closer to the center experience less of a farce. The result
iz that the particles tend to move together with the wave,

= Therefore all particles in a bunch stay basically on the same orbit, slightly oscillating

s To keep particle beams focused, quadrupole and sextuple magnets are also placed along
the ring and act like optical lenses
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Depending on whether beam is deposited onto a fixed target or is collided with
another beam, both linear and cyclic accelerators are subdivided into two types:

s “fixed-target” machines

s “colliders” (*storage rings” in case of cyclic machines)

Much higher energies for protons comparing to electrons are achieved due to smaller
losses caused by synchrotron radiation
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Colliding-beam experiment

In a colliding-beam experiment two beams of high-energy C‘:’ﬂidi“g'Bea‘_'ﬂ-E'F'E"i“"entﬁ

particles are made to cross each other.

* The total energy of a projectile plus the target particle depends on the reference frame. For the
production of high mass particles the relevant frame is given by the “center-of-mass” frame
for which the projectile and target have equal and opposite momentum p.

For simplicity let us suppose that the projectile and target particle are the same, or possibly particle-antiparticle
(e.g. proton-proton, proton-antiproton, or electron-positron). This means that in this frame both the particles
have the same energy, E; = E, = ¥ - mc? (since we are dealing with relativistic particles, this means kinetic

plus rest energy). 2 2
(2.5 ~(2.7) 7

i=1,2 i=1,2

% In the center-of-mass frame, where the momenta are equal and opposite p, = -p,, the second
term vanishes and we have
s =4-Ef = 4y*m?c*

I.e. s Is the square of the total incoming energy in the center-of-mass frame — this is a quantity
that is often used in particle physics.

Vs =2-E; = 2ymc?

1TeV +1TeV =2TeV available cm energy
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Fixed-target experiment

In a fixed-target experiment, a charged particle such as an @,
electron or a proton is accelerated by an electric field and ) -D =0 -
collides with a target, which can be a solid, liquid, or gas. Fixed-Target )

Experiments =

X/

+ The total energy of a projectile plus the target particle depends on the reference frame. For the
production of high mass particles the relevant frame is given by the “center-of-mass” frame.

For simplicity let us suppose that the projectile and target particle are the same, or possibly particle-antiparticle
(e.g. proton-proton, proton-antiproton, or electron-positron). This means that in this frame the particles energies
are E; = y - mc? and E, = mc? (since we are dealing with relativistic particles, this means kinetic plus rest

SPORMOE

i=1,2 1=1,2

For one particle we know that E? — p%c? = m?c* and is therefore the same in any frame of
reference even though the quantities E and p will be different in the two frames. In the frame in
which the target particle is at rest, its energy is E, = mc? and its momentum p, = 0, so that we

have
s = (E; + mc?)? — pic? = Ef + m%c* + 2mc?E; — pic? = 2m?c* + 2mc?E;

Vs = +/2m2c* + 2mc2E; = /2(y + 1)m2c*

1 TeV p + fixed target p = 43 GeV available cm energy
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Luminosity parameters

1034 cms?t
4XTIXOx X0y

N ... number of particles per bunch ~10%
frev ... revolution frequency 11 kHz
Ny ... number of bunches per beam 2308
oy X 0y beam dimensions at interaction point

o=16 um
@

./.

Circular collider

Example with 4 bunches/ ¢

beam

Hans-Jurgen Wollersheim - 2022 I N



Luminosity for fixed-target experiment

The relationship of the beam to the rate of rate — R — Lg

observed physics processes is given by

the “Luminosity” / >\cross section
“Luminosity” (“physics”)

Standard unit for Luminosity is cm-2s1
Standard unit of cross section is “barn”=10-2* cm?
Integrated luminosity is usually in barn-t,where

b = (Lsec)x (10* cm™?s™)
nb1=10°b1, fb-1=101° b1 etc

For (thin) fixed target:
. target thickness

_ _ Example: MiniBooNe
R=Npjto=1 _/Nf ! (neutrino oscillations)

Incident rate primary target:

target number density L ~10° cm™s™
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Accelerator Complex CERN

CERN Accelerators

< Most modern high energy accelerators (Nt ioScwe)

are a series of linear accelerators and e
rings.

LHC

0

» Each piece is designed to accept and
accelerate particles for up to a v

partlcular energy. . 0.989898c by here
% Transferring a beam of particles |
between one piece and the next is one ALICE i e
of the biggest challenges. N /
ek I

]
P oS B Gt e )

0.87c by here

LHC: Large Hadroa Collider
SPS: Super Proton Synchiotron
A Antiproton Decelerator
ISOLDE: Isctope Separator Online DEvice Gran Sasen (1)

PSH Protos Synchrotron Booseer 7™ km 0.3c by here
PS Proton Sy i hiotron

LINAC: LINear ACcelerator

LEIR: Low I'-Il'l‘](} lon ".l.; e LEY, P (v R 08 08

UNGS: Cern Neutrmos o Gran Sasso :f"-'—?_—.ﬂ:',"ﬂmm

Start the protons out here
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The LHC Layout

Low [ (pp)
High Luminosity

RF
& Future Expl,

Low [ (Tons)

Low B ipp)
High Luminosity
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Large Hadron Collider (LHC)

LHC (p - —p) 7(14) TeV

26.7 km circumference

e 40000 tons of cold mass spread over 27 km

e 10000 tons of Liquid Nitrogen (at T = 80 K)

« 60 tons of Liquid Helium (cools ring to final
1.9 K)
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Inside Large Hadron Collider (LHC) tunnel

1232 superconducting magnets (14.3 m long, B = 0.5-8.33 T, 11700 Ampere)

Hans-Jurgen Wollersheim - 2022



High Energy Physics (HEP) - Detectors

A perfect detector should reconstruct any interaction of any type with 100% efficiency
and unlimited resolution (get “4-momenta” of basic physics interaction)

Efficiency: not all particles are detected, some leave the detector without any trace
(neutrinos), some escape through not sensitive detector areas (holes, cracks for e.g.
water cooling and gas pipes, electronics, mechanics)

Fixed target geometry Collider geometry
“Magnet spectrometer” “47r multi purpose detector”
interaction  tracking muon filter N
point e
LHCb / \ ATLAS
\ /I CMS

ALICE f o & 1

beam magnet calorimeter (bothgeometries) barrel

(dipole) endcap endcap
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Experiments at LHC

16 m x 25 m & 10.000 t
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Particle Identification at ATLAS: Detector System @ Colliders

Muon
Spectrometer

Toroidal magnet
Muon chambers

HCAL
Outer: scintillator
Inner: liquid Argon

Hadron
Calorimeter
Proton
ECAL
liquid Argon

Neutron
i

Solenoid ~2T

L
&
[
o
L]
[l
¥

Elec tromagﬂetic Tﬁ.‘Fl r-,{.,',p,n J;
Calorimeter it : :
\ H K, Transion radiation
Si-Strip
Si-Pixel

Inner Detector L 2E 54
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Particle Identification at CMS: Detector System @ Colliders

Main difference to ATLAS:

« All silicon tracker
« ECAL and HCAL mostly inside solenoid magnet (~4T)

* No toroidal magnet for muon bending

| I I | | 1 1

m
Key: Om im 7m Im 4m 5 6m
Muon
Electron
Charged Hadron (e.g. Pion)
= = = - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

Electromagnetic | ;

}!]l Calorimetar | E

il 2

Hadron Superconducting |5

Calorimeter Solenoid E

=~ 11 J:

Iron return yoke Interspersed (K3

Transverse slice with Muon chambers 3

through CM5 i
e . . |
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Detectors are a fundamental ingredient
to extract excellent physics results

Treat them with respect:
them, calibrate them right, exploit them
and don’t abuse them

Have a lot of fun designing, building,
testing, using them
during your whole career ...
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