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Introduction on Colliders, Luminosity and Pile-Up

(for dedicated session on colliders tomorrow afternoon)
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Reminder from the 1st day:

Collider CM energy
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Reminder from the 1st day:

Collider shape
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Why colliders? => Particle 

discoveries and precision measurements
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Why colliders? => Particle 

discoveries and precision measurements

Higgs boson in the CERN LHC (2012)

Courtesy of P. Lebrun (JUAS-2021, will also give a seminar for JUAS-2023 Course 2 on 13/02/2023)
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Hadrons vs. Leptons in circular colliders
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hadron collider => frontier of physics

–discovery machine

–collisions of quarks 

–not all nucleon energy available in collision

–huge background


p p
6 quarks

Hadrons vs. Leptons in circular colliders



E. Métral, 23/01/2023                            7

hadron collider => frontier of physics

–discovery machine

–collisions of quarks 

–not all nucleon energy available in collision

–huge background


p p
6 quarks

lepton collider => precision physics

–study machine

–elementary particles collisions

–well defined CM energy

–polarization possible

e+ e- 2 leptons

Hadrons vs. Leptons in circular colliders



E. Métral, 23/01/2023                            7

hadron collider => frontier of physics

–discovery machine

–collisions of quarks 

–not all nucleon energy available in collision

–huge background


p p Limited by the dipole field available

and the ring size  
6 quarks

lepton collider => precision physics

–study machine

–elementary particles collisions

–well defined CM energy

–polarization possible

e+ e- 2 leptons

Go to higher magnetic fields                      
(=> Superconducting) or/and                      

large circumferences 

(=> ten’s km)

p[GeV/c] ≃ 0.3B[T]ρ[m]

Hadrons vs. Leptons in circular colliders



E. Métral, 23/01/2023                            7

hadron collider => frontier of physics

–discovery machine

–collisions of quarks 

–not all nucleon energy available in collision

–huge background


p p Limited by the dipole field available

and the ring size  


Limited by energy lost from 
synchrotron radiation  


6 quarks

lepton collider => precision physics

–study machine

–elementary particles collisions

–well defined CM energy

–polarization possible

e+ e- 2 leptons

Go to higher magnetic fields                      
(=> Superconducting) or/and                      

large circumferences 

(=> ten’s km)

Ulost ∝
E4

ρE4
0

p[GeV/c] ≃ 0.3B[T]ρ[m]

Go to linear colliders or heavier leptons

Hadrons vs. Leptons in circular colliders



E. Métral, 23/01/2023                            8

Luminosity: figure of merit of a collider

The number of events  is the product of the cross-section of interest 
 and the time integral over the instantaneous luminosity 

Nexp
σexp L(t)

Nexp = σexp × ∫ L(t)dt
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Nature
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Detector Nature Accelerator

The number of events  is the product of the cross-section of interest 
 and the time integral over the instantaneous luminosity 

Nexp
σexp L(t)

Nexp = σexp × ∫ L(t)dt

Luminosity: figure of merit of a collider
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Luminosity for the SIMPLEST case
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◆ Luminosity in the absence of crossing angle (and transverse 
beam offset and hourglass effect => See later)

Mfrev = fcoll

Luminosity for the SIMPLEST case

Number of bunches
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◆ Luminosity in the absence of crossing angle (and transverse 
beam offset and hourglass effect => See later)

Mfrev = fcoll

Luminosity for the SIMPLEST case

Number of bunches

Møller kinematic luminosity factor

If :β1 = β2 = 1

= MKLF /c
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◆With several assumptions 

✴1) Uncorrelated densities in all planes

✴2) Gaussian distributions in all dimensions

✴3) Same longitudinal dimension for both beams (rms beam 

size )

✴4) Same transverse dimensions for both beams (rms beam 

sizes  and )


✴5) No modifications during the bunch crossing


σs

σx σy

Luminosity for the SIMPLEST case
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◆With several assumptions 

✴1) Uncorrelated densities in all planes

✴2) Gaussian distributions in all dimensions

✴3) Same longitudinal dimension for both beams (rms beam 

size )

✴4) Same transverse dimensions for both beams (rms beam 

sizes  and )


✴5) No modifications during the bunch crossing

 


the simplest formula for the peak luminosity is obtained


σs

σx σy

Luminosity for the SIMPLEST case
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◆ Assuming now a round beam (  =  = ), but flat optics can 
also be used, and the same bunch intensities (  =  = ), this 
leads to 


σx σy σ
N1 N2 Nb

Luminosity for the SIMPLEST case
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◆ In the general case:  with 
L = L0 × F 0 ≤ F ≤ 1
Luminosity for the GENERAL case
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◆ In the general case:  with 


✴Transverse offset


L = L0 × F 0 ≤ F ≤ 1
Luminosity for the GENERAL case

d1 − d2

σx
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◆ In the general case:  with 


✴Hourglass effect

L = L0 × F 0 ≤ F ≤ 1
Luminosity for the GENERAL case
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Luminosity units

◆ The unit of the cross-section ( ) is the barn:
σexp
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Luminosity units

◆ The unit of the cross-section ( ) is the barn:
σexp

◆ The inverse femtobarn ( ) is the unit typically used to measure 
the number of particle collision events per femtobarn of target cross-
section, and is the conventional unit for time-integrated luminosity

fb−1

◆ Thus if a detector has accumulated 100  of integrated luminosity, 
one expects to find 100 events per femtobarn of cross-section within 
these data

fb−1
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Pile-up

PU =
Lσexp

Mfrev
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Pile-up

PU = 19 from  
LHC Design Report 
(ATLAS and CMS)

PU =
Lσexp

Mfrev
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Summary: how to reach  
high luminosity in a collider?
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6 major challenges for future  
high-energy colliders

1. Synchrotron radiation


2. Bending magnetic fields


3. Accelerating gradient


4. Particle production ( , , )


5. Power consumption and sustainability


6. Cost

e+ p̄ μ
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16 collider options at Snowmass 2021

(US Particle Physics Community Planning Exercise)
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  Fabiola Gianotti (CERN Director General, 14/01/2020)
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Current record (2022 at 
13.6 TeV): 2.61034

In 2022: 4.61034
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