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Kinematical Variables: pT

The geometryof collisions
is cylindrical,it can be
used cylindrical
coordinates:

azimuthal angle φ
polar angle θ
momentum p

energy E
transverse momentum pT

longitudinal momentum pL

pT = p sin θ

pL = p cos θ

Physics is symmetric in φ.
As consequence of the collision kinematics, the longitudinal
momentum pz is not known, therefore it is convenient to use the
conservation of the transverse momentum pT in plane
perpendicular to the beam.
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Rapidity and Pseudorapidity

rapidity:
y = 1

2 ln E + pL
E − pL

⇓ m << E, pL
%

Pseudorapidity:
η = − ln tan θ

2
, Derivation in Appendix A.
The difference between
the (Pseudo)rapidities of
two particles is invariant
with respect to Lorentz
boosts along the
z-axis.This is the key
reason why rapidities are so
crucial in accelerator
physics.

For highly relativistic particles,
y ' η (η is easier to estimate)
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Kinematic Variables

Rapidity differences are invariant with respect to Lorentz boosts
along the beam axis.

rapidity y =

√
E + pL√
E + pL

y′ =

√
E′ + p′L√
E + pL

⇓ Derivation Appendix B
y′ = y − tanhβ

Suppose we have two particles ejected after a collision, and they have
rapidities y1 and y2 when measured by some observer.Now, let some
other observer measure these same rapidities, and obtain y′1 and y′2 .
the difference between the rapidities in the unprimed frame is y1 − y2,
and in the primed frame it becomes:

y′1 − y′2 = (y1 − tanhβ) − (y2 − tanhβ) = y1 − y2

Therefore the difference between the rapidities of two particles
is invariant with respect to Lorentz boosts along the z-axis.
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Reaction rate and Luminosity

Reaction rate and Luminosity
The reaction rate can be written as function of luminosity a :

dN

dt
= Φa · Nb · σb = L · σb

Φa = number of projectiles hitting the target per unit area and per unit
time
Nb = number of scattering centers in the target
σb = cross section

aσb = dN
dt·Φa· Nb
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Luminosity in colliding beams
♠ For colliding beam experi-
ments. Analogous for two par-
ticle beams colliding in a storage
ring.Assume Na and Nb particles
are the number of particles inside
particle packets.The two particle
types circulate with velocity v in
opposite directions.

A A

N
a N

b

Figure : Colliding beams.

Luminosity

L =
Na · Nb

A
· f

Na, Nb are the number of particles inside particle packets of each beam
f number of particle packets collisions per unit time (collision
frequency).
A = beam cross section at the collision point.
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For a Gaussian distribution of the beam particles around the beam
center (with horizontal and vertical standard deviations σx and σy
respectively), A is given by:

A = 4 πσx · σy

To achieve a high luminosity, the beams must be focused at the
interaction point into the smallest possible cross sectional area
possible.Typical beam diameters are of the order of tenths of
millimeters or less.
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The interpretation is straightforward. The hypothesis is that the
particles of colliding beams are uniformly distributed inside a packet
with a cylinder shape and section A.The second packet can be
considered as target.The flux of first packet Φa = f NAA then:

dN

dt
= Φa · Nb · σb = f · Na

A
· Nb · σb = L · σb

=⇒ L =
Na · Nb

A
· f

The cross section can be easily derived:

σb =
dN
dt

L
=

dN
dt

NA · Nb · f
·A
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Integrated luminosity

In an experiment the number of event produced is during data taking
is:

N = σb ·
∫
L dt

the integral is extended to the duration of data taking.

Integrated luminosity
The integrated luminosity (i.e., sum over a period of time)of an
instantaneous luminosity, is defined as:∫

Ldt
dimension [m−2].
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A glance at nowadays:luminosity at Large
Hadron Collider (LHC)

The L is one of the most important parameter of an accelerators, as
LHC.It is a measurement of the number of collisions that can be
produced in a detector per cm and per second. The bigger is the value
of L, the bigger is the number of collisions.To calculate the number of
collisions we need also to consider the cross section.

L can be obtained as:
N2 : number of
protons,because each
particle in a bunch might
collide with anyone from
the bunch approaching
head on.

Figure : Schematic of LHC beam
crossing
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t time between bunches.
Seff : section effective of collision that depends on the cross section
of the bunch (effective because the beam profile doesn’t have a
sharp edge); the formula for this is given by : Seff = 4πσ2 with
σ = 16 microns or 16 · 10−4 cm (transverse size of the bunch at
Interaction Point,IP).
Other parameter to be considered is F, the geometric luminosity
reduction factor, due to the crossing angle at the interaction point.
But in 2011 F ≈ 0.95 , so it can be taken as 1.

L =
N2

t · Seff

Now, with: N2 = (1.15 · 1011)2

t = 25 · 10−9s, Seff = 4 · π(16 · 10−4)2cm2

L ∼ 1034cm−2s−1
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• If we use the bunches crossing
frequency (f , in this case 40 ·106

) , we can express the Luminosity
in a more well-known way:

L ∼ f · N
2

Seff
= f · N

2

4πσ2

• And considering different num-
ber of protons per crossing
bunches, and x and y compo-
nents for σ separately:

L ∼ f · N1 · N2

4πσx · σy

This value, L ∼ 1034cm−2s−1 ,
means that in the LHC detectors
might produce 1034 collisions per
second and per cm2 The inte-
gral of delivered luminosity In-
tegrated Luminosity,

∫
Ldt, is:

Figure : Integrated Luminosity∫
Ldt at LHC (January 2013)
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LHC luminosity 2017

Figure : Integrated Luminosity
∫
Ldt at LHC (September 2017)
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LHC luminosity 2017

September 2017:

10 000 000 000 000 000, or ten million billion.This is the
cumulative number of potential collisions brought at the centre of
ATLAS and CMS since the LHC started its operation in 2010.
LHC has delivered over 100fb−1 (inverse femtobarn) of integrated
luminosity to each of ATLAS and CMS, where one inverse
femtobarn corresponds to around 100 million million (potential)
collisions.
The target for 2017 and 2018 was raised to 90fb−1 for the two
years combined.
This milestone was reached on 28 September and only takes into
account the data taking with proton bunches spaced by 25
nanoseconds.
Now 150fb−1
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LHC luminosity 2018

Month in Year
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Figure : Integrated Luminosity∫
Ldt at LHC (October 2018)
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Figure : Delivered Luminosity∫
Ldt at LHC (October 2018)
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Motivation

Advantage of hadron col-
lider
• Can reach higher energies in
ring (less syncrotron radiation)
Disadvantage of hadron col-
lider
• Hadron are composites →
parassitic collisions beyond
hard parton scattering.
• Energy and type of colliding
parton unknown → kinematics
partially unconstrained.
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Synchrotron Radiation Loss
Energy loss per turn for electron at sufficient high energy v ≈ c.

In familiar units can be written:

∆E = 8.85 · 10−5E
4

r
MeV per turn

The energy E is in GeV and r in kilometers.For proton the energy
loss per turn is of course down of the fourth power of mass ratio:

∆E = 7.8 · 10−3E
4

r
keV per turn

The energy E is in TeV and r in kilometers.
LEP1 electrons E = 45 GeV L = 27 Km, r = bending radius

3026m, ∆ E ∼ 120 MeV
LEP2 electrons E = 100 GeV L = 27 Km, r = bending radius

3026m ∆ E ∼ 2.9 GeV
LHC proton E = 8 TeV L = 27 Km, r = bending radius 3026m,

∆ E ∼ 7 KeV
The electron synchrotrons are limited by radiation losses.

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSICS October 28, 2018 26 / 66



Large Hadron Collider
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CERN accelerator complex
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CERN accelerator complex

Table : Summary accelerator parameters

accelerator Top energy/GeV Circumference/m
Linac 0.12 30
Booster 1.4 157

PS 26 628
SPS 450 6.911
LHC 7000 26.657
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Underground

Figure : pippo
S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSICS October 28, 2018 30 / 66



The LHC design parameters

Superconducting dipoles
1232, at 1.9K 15m long, B
= 8.33 T, inner diamater
56mm
Energy protons 7 TeV
Energy protons at
iniejction 450 GeV

For all parameters see: Link

Design Luminosity
1034cm−2s−1 achievement:
higher more than design!
Number of protons per
bunch 1.15.1011

Bunch spacinq 25ns
Stored beam energy 360
MJ
Stored energy in magnets
11 GJ
Beam lifetime 10h
Emittance εn = 3.75 mm
µrad
Beta function, β∗ =0.55m
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L =
Na · Nb

A
· f L = f · Na · Nb

4πσx · σy
σx, σy = Gaussian transverse beam profiles in the horizontal (bend) and
vertical directions (assumed bunch identical in beam profile, for
semplification).
• The beam size can be expressed in terms of two quantities, one

termed the transverse emittance, ε , and the other, the amplitude
function, β.1

The transverse emittance is a beam quality concept reflecting the
process of bunch preparationextending all the way back to the
source for hadrons .
A low emittance particle beam is a beam where the particles are
confined to a small distance and have nearly the same momentum.
A beam transport system will only allow particles that are close to
its design momentum, and of course they have to fit through the
beam pipe and magnets that make up the system. In a colliding
beam accelerator, keeping the emittance small means that the
likelihood of particle interactions will be greater resulting in higher
luminosity.

1pdg.lbl.gov/2007/reviews/accelrpp.pdf
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Emittance can be defined as the smallest opening you can squeeze
the beam through, and can also be considered as a measurement of
the parallelism of a beam.
The dimension parallel to the motion of the particle is called the
longitudinal emittance. The other two dimensions are referred to
as the transverse emittances.

The amplitude function is a beam optics quantity and is determined by
the accelerator magnet configuration.When expressed in terms of σ and
β the transverse emittance becomes

ε = σ2/β

Beta,β is roughly the width of the beam squared divided by the
emittance. If Beta βis low, the beam is narrower, squeezed. If Beta is
high, the beam is wide and straight.Beta has units of length.
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Figure : IP Interaction point

Sometimes β is referred as the distance from the focus point that the
beam width is twice as wide as the focus point, beta∗

In the experiments (detectors), the beam will be squeezed as much as
possible, to increase the number of collisions, so at a distance of beta
before the focus point, the beam is also twice as wide. Of particular
significance is the value of the amplitude function at the interaction
point, β∗.
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Few concept

• transverse emittance"area in
phase space" occupied by beam
= π × ε

εrms =
√
〈x2〉〈x′2〉 − 〈xx′〉

For gaussian distribution εrms
contain 39% beam

• The amplitude function is a
beam optics quantity and is de-
termined by the accelerator mag-
net configuration.beam size at
collision point:

σ∗ =

√
β∗εN
γ
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Clearly one wants β∗ to be as small as possible; how small depends
on the capability of the hardware to make a near-focus at the
interaction point.L in terms of emittances and amplitude functions as:

L = f · Na · Nb

4π
√
ε∗xβ
∗
xε
∗
yβ
∗
y

Simplified:

L = f · N2

4πε∗β∗

LHC: The nominal LHC peak luminosity L = 1034cm−2s−1

corresponds to: β∗ = 0.55m, β∗ = 3.75µm
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Basic Relation 1

Instantaneous luminosity is a measurement of the number of
collisions that can produced in an interaction point peer cm2 and per
second. To calculate the number of events per second for a particular
process it is necessary consider cross section and branching ratio.2

event rate
dN

dt
= σ ·Br · L

Luminosity:

L =
N2
b nb fγ

4πεβ∗
F

Nb = number of proton per bunch
nb = number of bunches
f = rotation frequency (∼ 11 Hz)
F = crossing angle factor
ε = transverse emittance(sametimes
renorm.)
β∗ = optics at meam crossing(m)
γ = relativistic factor

2For your fun : Luminosity calculator https://lpc.web.cern.ch/lumi2.html
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Basic Relation 2

N = σb ·
∫
L dt

the integral is extended to the duration of data taking.The Integrated
luminosity is the integral of L over time, depends on efficiency of the
machine/dutycycle/ luminosity lifetime ...

In one year 107 s the Hubner factor ≈ 20% is the ratio of actual
delivered luminosity to the amount you could collect by running
continuously at the peak luminosity.The number of events collected in
one year:

N

year
= σ · L · 107 · Br · 0.2

At 13 TeV σHiggs = 55.7 pb , Br(ZZ)→ 4` ∼ 1.25 · 10−4

N

year
= 56 · 10−36cm−2 · 1034cm−2s−1 · 107 · 10−4 · 0.2 ≈ 560
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Integrated Luminosity delivered
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Peak Luminosity

Day in 2016
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Run 2 running conditions

After 2 years of shut down for machine upgrade.
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The project

1982 first studies for LHC project
1983 Z discovery at SPS pp̄collider
1989 Lep start (∼

√
s ∼ 92 GeV) Z factory

1994 Approval LHC from CERN Council
1996 Final decision to start LHC construction
1996 LEP2 at ∼

√
s ∼ 200 GeV production of W+W−

2000 end of LEP operation
2003 Start of LHC installation - infrastructure
2006 Start of LHC magnet installation in the tunnel
2007 installation completed,starting cooling down
2008 commission with beam and first collisions

26 years from first studies, 14 years from approval, 7 years from LEP
end
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LHC runnig

10 September 2008 first beams
19 September 2008 incident, due to a failure in a resistive zone,
helium released under high pressure, a relief discs was unable to
maintain the pressure.
2009 lot work of repair (14 quadrupole and 39 dipole replaced)
Nov 2009 restart successfully
Since March 2010 run successfully at

√
s = 7 TeV

2011-2012 data taking at
√
s = 7− 8 TeV

Since May 2015 - at present data taking at
√
s = 13 TeV

26 June 2016 The LHC achieves a luminosity of 1.0 · 1034cm−2s−1,
its design value
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From Paradise to Hell

Figure : LHC Control room 10
September 2008

Figure : relief discs 19 September
2008
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23 Nov 2009: First collisions at 900 GeV

Figure : First collisions at 900 GeV
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Main characteristics of proton-proton collisions at LHC
proton-proton

2808 × 2808 bunches,
separation: 7.5 m (25 ns)
1011 protons/bunch 40
MHz
Luminosity
L = 1034cm−2s−1

∼ 109 pp collisions/s
(superposition of >20 pp
interaction per crossing pile
up)
∼ 1660 charged particles in
the detector
high particles densities
high requirements on
detectors
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Main characteristics of proton-proton collisions at LHC
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LHC data handling, GRID computing
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Selection of events

Bunch crossing rate: 40MHz, ≈ 20 interactions per beam
crossing(109 evts/s)→ can record ≈ 200 event/s (1.5MB each) at
300 MB/s data rate
Need highly efficient and high selective TRIGGER→ raw data
(70TB/s) are stored in pipeline
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Trigger

ATLAS trigger has 3 levels (CMS 2 levels)
Level-1: hardware ≈ 3 µs decision time, 40 MHz → 100kHz
Level-2: software ≈ 40 µs decision time, 100kHz → 2kHz
Level-3: software 4s decision time, 2kHz → 200Hz

Trigger efficiency enters in the calculation of cross sections, together
other efficiencies,(ε) and acceptance (A).

σ =
N

A · ε ·
∫
L dt
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Pile up

The price to pay to get high L is the pile
up.2015
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Pile up and recording efficiency

Mean Number of Interactions per Crossing
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An example of pile up
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An example of pile up

a needle in a haystack
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CompactMuonSolenoid

Slice.pdf
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CompactMuonSolenoid
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A Toroidal LHC ApparatuS

•

This huge volume aligned at 35 µm.
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ATLAS & CMS: Design & Performance Overview
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Key Component : the People

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSICS October 28, 2018 62 / 66



Contents

1 Kinematical Variables

2 Luminosity in colliding beam

3 Large Hadron Collider,

Luminosity

LHC running

Request to detectors

4 Pile up

5 The experiments

6 Appendix

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSICS October 28, 2018 63 / 66



Appendix A From rapidity to pseudorapidity
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Appendix B Difference of rapidity
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