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� Let’s remind at this point that our aim is to learn how to design an 
experiment.

� We have seen:
� Definition of the process we want to study
� Selection of the events correponding to this process
� Measurement of the quantities related to the process
� Other measurements related to the physics objects we are studying.

� Now, in order to really design an experiment we need:
� To see how projectiles and targets can be set-up
� To see how to put together different detectors to mesure what we

need to measure



How to design an EPP experiment
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How to design an EPP experiment
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� Define which process I want to study:
� è initial state (particles, energy, required intensities,…)
� è final state(s) (which particles to detect, which energies, which are the 

main possible backgrounds etc.): exclusive vs. inclusive.
� èè Overall Montecarlo simulation of the process, to understand the main 

parameters in the game (kinematics, rates, number of particles, 
backgrounds)

� Overall design parameters:
� Center of mass energy √s
� Luminosity L / flux f to obtain the requires statistical accuracy. For this I 

need to know (or at least to estimate) the cross-section of the process.
� Detector general structure: depends on what we want to measure:

� charged particles momenta è magnetic field
� neutral particles detection and particles energy è calorimetry
� special particles: neutrinos, muons, neutrons,…



Collider experiments
The main parameters of the colliders
LHC: ATLAS+CMS parameters
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Particle Accelerator Physics
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� A new discipline, separation of the communities;
� Many byproducts:

� Beams for medicine
� Beams for archeology and determination of age

� Two main quantities define an accelerator: the center of mass 
energy and the beam intensity (normally called luminosity)

� Few general aspects to be considered (we consider colliders here):
� The center of mass energy is a “design” quantity: it depends on the 

machine dimensions, magnets and optics.
� The luminosity is a quantity that has to be reached: it depends on 

several parameters. In many cases it doesn’t reach the “design” value. 
It is the key quantity for the INTENSITY frontier projects.
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60 years of experiments at accelerators have 
discovered the set of fundamental particles 
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Why accelerators? To investigate Particle Physics

Particle physics looks at matter in its smallest dimensions and 
accelerators are very fine microscope or, better, atto-scope!

l = h/p ;  @LHC: T = 1 TeV Þ l @ 10-18 m = 1 am (actually 30 zm)

Accelerators Microscopes Optical, radio télescopesBinoculars

Accelerators gain us one frontier     of the 
physics spectrum
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…back to Big Bang

But we are left with the task of explaining how the rich complexity 
that developed in the ensuing 13.7 billion years came about…
Which is a much more complex task!

•Trip back toward the Big Bang: tµs@1/E2Gev
•T @ 100 fs after Big Bang for single particle creation (3 TeV)
•T @ 1 µs for collective phenomena QGS (Quark-Gluon Soup)

L. Rossi @ FI 21-06-2018 Calvetti-Iacopini
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High Precision Frontier

Known phenomena studied
with high precision may show

inconsistencies with theory

High Energy Frontier

New phenomena
(new particles)

created when the 
“usable” energy > mc2 [×2]

Accelerators: the two frontiers

2 routes to new knowledge about the
fundamental structure of the matter

L. Rossi @ FI 21-06-2018 Calvetti-Iacopini
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Livingston plot

From Luca.Bottura-CERN L. Rossi @ FI 21-06-2018 Calvetti-Iacopini 14



Colliders: “Livingston” plots
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Here it can be seen the separation
Between Energy and Intensity frontiers !



Colliders: general aspects - I
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� Storage rings: 

beams are accumulated in circular orbits and are put in collisions.

� “bunches” of particles (typically N ≈1010-1012 / bunch) in small transverse dimensions (sX, sY down to < 
mm level) and higher longitudinal dimensions (sZ at cm level) like needles or ribbons.

� the bunches travel along a ≈ circular trajectory (curvilinear coordinate s)

� magnetic fields to bend them (dipoles) and to focalize them (quadrupoles or higher order)

� electric fields to increase their energies (RadioFrequency cavities)

� Multi-bunch operation nb (increase of luminosity BUT reduction of inter-bunch time)

� One or more interaction regions (with experiments or not..)

� History:

� e+e-: Ada, Adone, Spear,… Lep, flavour-factories: DAFNE,  PEP-II, KEKB,  BEPC-II
� pp: ISR, LHC

� ppbar: SpS, Tevatron

� ep: HERA

� muon colliders are considered today (never built)

� Linear colliders: 

ambituous projects aiming to reach higher electron energies without the large energy loss due to 
synchrotron radiation.



Colliders: general aspects - II
LHC scheme: up to 7 TeV
per beam
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LEP scheme: up to 100 GeV
per beam



Colliders: general aspects - III
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� Two different operation
modes: 
� Single injection (LHC)
� “top-up” injection, 

continuos mode.

� Important quantities for 
the experiment operation
are:
� Integrated luminosity
� Machine background

LifeTime: 50% reduction in 10 minutes 



Colliders: general aspects - IV
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“Typical” LHC operation mode: single- injection

LifeTime: 25% reduction in 9 h 
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Proposed exercise

In DAFNE operations for KLOE-2 experiment:

Top-up injection
2 mA injections at a rate of 2 Hz with 60% duty cycle
Veto of KLOE-2 DAQ for 50ms at each single injection
Dead time DAQ 4 µs
Trigger rate ~ 8 kHz

Determine the DAQ inefficiency

A. Di Domenico  104 Congresso SIF, Cosenza e Rende – 20 settembre 2018  
 
 
 

•  1999: first events collected by KLOE 
•  2000 – 2006: KLOE data-taking 
       ⇒   2.5 fb-1@√s=Mf 
     + 250 pb-1 off-peak @ √s=1000 MeV 

 
•  2008: DAΦNE upgrade: new interaction scheme 
•  Dec.2012-July 2013: installation of the new detectors  
 

Integrated luminosity (pb-1) 

Goal: 
5 fb-1 

Run I 
L = 0.8 fb-1 

eff. =77%    

Run II 
L = 1.6 fb-1 

eff.=  82% 

Run III 
L = 1.7 fb-1 

eff.= 82%  

Run IV 
L = 1.4 fb-1 

eff.=  81% 

•    July 2013: DAΦNE operations restarted   
•    November 2014: start of KLOE-2 run  
•  2014 � 2018: KLOE-2 data-taking 
•  March 30, 2018: End of KLOE-2 
                                data-taking 
      � 5.5 fb�1 collected @√s=Mφ 

The KLOE experiment at DAΦNE 

3 



31. High-energy collider parameters 1

High-Energy Collider Parameters: e
+

e
− Colliders (I)

Updated in March 2018 with numbers received from representatives of the colliders (contact E. Pianori, LBNL). The table shows the parameter
values achieved. Quantities are, where appropriate, r.m.s.; unless noted otherwise, energies refer to beam energy; H and V indicate horizontal
and vertical directions; s.c. stands for superconducting. Parameters for the defunct SPEAR, DORIS, PETRA, PEP, TRISTAN, and VEPP-2M
colliders may be found in our 1996 edition (Phys. Rev. D54, 1 July 1996, Part I).

VEPP-2000
(Novosibirsk)

VEPP-4M
(Novosibirsk)

BEPC
(China)

BEPC-II
(China)

DAΦNE
(Frascati)

Physics start date 2010 1994 1989 2008 1999

Physics end date — — 2005 — —

Maximum beam energy (GeV) 1.0 6 2.5 1.89 (2.3 max) 0.510

Delivered integrated lumi-
nosity per exp. (fb−1)

0.125 0.027 0.11 17.5 ≈ 4.7 in 2001-2007
≈ 2.7 w/crab-waist
≈ 1.8 since Nov 2014

Luminosity (1030 cm−2s−1) 40 20 12.6 at 1.843 GeV
5 at 1.55 GeV

1000 453

Time between collisions (µs) 0.04 0.6 0.8 0.008 0.0027

Full crossing angle (µ rad) 0 0 0 2.2 × 104 5 × 104

Energy spread (units 10−3) 0.71 1 0.58 at 2.2 GeV 0.52 0.40

Bunch length (cm) 4 5 ≈ 5 ≈ 1.2 low current: 1
at 15mA: 2

Beam radius (10−6 m) 125 (round) H : 1000
V : 30

H : 890
V : 37

H : 347
V : 4.5

H : 260
V : 4.8

Free space at interaction
point (m)

±0.5 ±2 ±2.15 ±0.63 ±0.295

Luminosity lifetime (hr) continuous 2 7–12 1.5 0.2

Turn-around time (min) continuous 18 32 15 2 (topping up)

Injection energy (GeV) 0.2–1.0 1.8 1.55 1.89 on energy

Transverse emittance
(10−9 m)

H : 150
V : 150

H : 200
V : 20

H : 660
V : 28

H : 121
V : 1.56

H : 260
V : 2.6

β∗, amplitude function at
interaction point (m)

H : 0.05 − 0.11
V : 0.05 − 0.11

H : 0.75
V : 0.05

H : 1.2
V : 0.05

H : 1.0
V : 0.0129

H : 0.26
V : 0.009

Beam-beam tune shift
per crossing (units 10−4)

H : 850
V : 850

500 350 383 440
(crab-waist test)

RF frequency (MHz) 172 180 199.53 499.8 356

Particles per bunch
(units 1010)

8 15 20 at 2 GeV
11 at 1.55 GeV

3.8 e−: 3.2
e+: 2.1

Bunches per ring
per species

1 2 1 119 100 to 105
(120 buckets)

Average beam current
per species (mA)

160 80 40 at 2 GeV
22 at 1.55 GeV

851 e−: 1250
e+: 800

Circumference or length (km) 0.024 0.366 0.2404 0.23753 0.098

Interaction regions 2 1 2 1 1

Magnetic length of dipole (m) 1.1 2 1.6 outer ring: 1.6
inner ring: 1.41

outer ring: 1.2
inner ring: 1

Length of standard cell (m) 12 7.2 6.6 outer ring: 6.6
inner ring: 6.2

n/a

Phase advance per cell (deg) H : 745
V : 385

65 ≈ 60 60–90
non-standard cells

—

Dipoles in ring 8 78 40 + 4 weak 84 + 8 weak 8

Quadrupoles in ring 24 + 4 s.c. 150 68 134+2 s.c. 48

Peak magnetic field (T) 2.4 0.6 0.903
at 2.8 GeV

outer ring: 0.677
inner ring: 0.766

1.2

Collider parameters - I

04/06/2021

Main
parameters

Impact on 
detector 
operation

Techincal
parameters



Collider parameters - II
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Collider parameters - I

13/11/17Experimental Elementary Particle Physics123

Main
parameters

Impact on 
detector 
operation

Techincal
parameters



Collider parameters - III
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Collider parameters - II

13/11/17Experimental Elementary Particle Physics124

Main
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Impact on 
detector 
operation

Techincal
parameters



Collider parameters - IV
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Collider parameters - III

13/11/17Experimental Elementary Particle Physics125

Main
parameters

Impact on 
detector 
operation

Techincal
parameters



Luminosity measurement - I
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� In order to get the luminosity we need to know the “cross-
section” of a candle process:

� In e+e- experiments QED helps, since Bhabha scattering can 
be theoretically evaluated with high precision (< 1%).

� In pp experiment the situation is more difficult. 
� Two-step procedure: continuous “relative luminosity” 

measurement through several monitors. Count the number of 
“inelastic interactions”;

� time-to-time using the “Van der Meer” scan the absolute
calibration is obtained by measuring the effective sinel.

€ 

L =
˙ N 
σ



Luminosity measurement - II
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L = nb f
N1N2

4πΣxΣy

=
!Ninel

σ inel

σ inel =
!N 0
inel

nb f

⎛

⎝
⎜

⎞

⎠
⎟
4πΣxΣy

N1N2

Van der Meer scan: Measurement of the rate of inelastic interactions as a function of the 
bunch horizontal and vertical separations:

èDetermine the transverse bunch dimensions Sx, Sy and the inelastic rate at 0 separation. 
èUsing the known values of the number of protons per bunch from LHC monitors, one get the
inelastic cross-section that provides the absolute normalization.

R(δx) = ρ1(x, y)ρ2 (x +δx, y)dxdy∝ exp −
δx2

2Σx
2

$

%
&

'

(
)∫
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Scattering%inelastico%pp%
Il%processo%fisico%viene%scelto%in%base%a%L%da%misurare.%Per%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
sezione%d’urto%grande%%%%%%%%%%%processo%ad%alta%rate%(%(%%%%%%%%%%%%%%%%)%%%%%%%%%%%%alta%statistica%
Processo%utilizzato:%scattering!inelastico!pp%(%%%%%%%%%%%%%%%%%%%%%%)%%%%%%%%%%%%%%%%%%%

•%Single%Diffractive%%

•%Double%Diffractive%

•%Non%diffractive%

6%

high cross section process to monitor relative luminosity (R=Ls):  
pp inelastic scattering   (s~ 100 mb)
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Luminosità%
La!luminosità!può%essere%determinata%a%partire%dai%parametri%della%macchina%
(caratteristiche%geometriche%e%cinematiche%del%fascio)%

Sezione%trasversa%del%fascio,%misurabile%
con%il%metodo%di%Van%der%Meer%

:%Numero%medio%di%particelle%in%ciascun%pacchetto%del%fascio%1%

:%Numero%medio%di%particelle%in%ciascun%pacchetto%del%fascio%2%
:%Numero%di%pacchetti%%
:%Frequenza%di%rivoluzione%dell’acceleratore% 4%



The quest for high Luminosity
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� Luminosity formula:
� f is fixed by the collider radius
� High N1 and N2 and nb

� Low sx, sy
� Integrated Luminosity Lint: [Lint] = l-2

è nbarn-1 = 1033 cm-2

� Problems:
� Increase number of particles / bunch ? 
è beam-beam effects generate 
instabilities;

� Increase number of bunches reduces
the inter-bunch time TBC;

� Decrease sx and  sy ? 
(increase beam divergence

𝜎!"=
#!
$!∗

;    𝜎! = 𝛽!𝜎!" .   )

L = nb f
N1N2

4πσ xσ y

=
I1I2

4πnb fe
2σ xσ y

Lint = L(t)dt
Trun
∫

€ 

TBC =
1
nb f



The pile-up
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� How many interactions take place per bunch crossing ? It
depends on:
� Interaction rate that in turns depends on:

� Luminosity
� Total Cross-section

� Bunch crossing rate that depends on
� Bunch frequency
� Number of bunches circulating

� Pile-up µ = average number of interactions per bunch-
crossing

µ = !nTBC =
Lσ tot

fnb



Comparison: e+e- vs pp
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� DAFNE: e+e- @ 1 GeV c.o.m. energy, stot=3 µb, L=1033cm-

2s-1, nb=120, f=c/100 m = 3 MHz

èTBC= 2.7 ns , µ= ~10-5

� LHC: pp @ 13 TeV c.o.m. energy, stot=70 mb, L=1034cm-2s-

1, nb=3000, f=c/27 km = 11 kHz

èTBC= 25 ns , µ= ~18



Heavy Ion collisions.
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� Lead nuclei @ LHC:
� Z=82, A=208, M ≈ 195 GeV
� DEK = ZeV (proton × Z)
� p= ZeRB (proton × Z)
� èEPb = 574 TeV=82 × 7 

TeV
� èEPb/Nucleon = 574/A = 

2.77 TeV
� √sNN=5.54 TeV

� Luminosity: ≈ 1027 cm-2s-1

� nb = 600
� N1=N2=7×107 ions/bunch

� Heavy ions program @ RHIC
� Au, Cu, U ions up to 100 

GeV/nucleon
� Luminosity ≈1028÷1029 cm-

2s-1

� Cross-sections:
� spp ≈ 70 mb
� spPb≈ spp ×A2/3 

(≈ spp×RNuc
2)

� sPbPb ≈ spp × Ncoll ≈ 10 
barn!

� How much is the pile-up ?
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12. We want to set-up a trigger to detect Z ! µ+µ� decays in pp collisions at LHC.
We have a low threshold (LT, pT >4 GeV) and a high threshold (HT, pT > 20 GeV)
single muon triggers. The e�ciencies of the two triggers for the muons coming from
Z decays are ✏(LT)=89.2%, ✏(HT)=62.1%. Determine the e�ciencies for triggering
on Z decays in the two configurations: (1) LT1 AND LT2, (2) HT1 OR HT2 .

13. The fraction of KL produced in e+e� collisions at the � peak interacting in the
KLOE calorimeter is approximately 5%. Determine the KL-lead cross-section, using
the following assumptions: The KLOE calorimeter is a single lead spherical layer 12
cm thick; the inner surface of the KLOE calorimeter is 2 m away from the e+e�

interaction region.

14. Consider the decay � ! ⌘� in the center of mass frame of the �. Calculate the energy
of the photon and the maximum and minimum energy of the photons in case the ⌘
decays in ��. We want to identify this decay looking at the inclusive radiative photon
spectrum from a sample of 106 � produced at rest. If we know that the combinatorial
photon spectrum in the energy region between 300 and 400 MeV is almost flat with
a number of events equal to 300 evts/MeV/104�, determine the energy resolution
required to observe with enough significance the searched decay.

15. Consider the parameters of the three accelerators:

• LHC: protons, R = 4.3 km, Emax = 7 TeV, TBC = 25 ns;

• LEP: electrons, R = 4.3 km, Emax = 100 GeV, TBC = 22 µs;

• DAFNE: electrons, R = 15 m, Emax = 500 MeV, TBC = 2.7 ns;

Evaluate for each accelerator the following quantities: the revolution frequency f ;
the number of bunches nb; the minimum value of the magnetic field Bmin required
to hold the particles in orbit. From the luminosity and current profile plots shown as
examples in the course slides, determine for DAFNE and LHC, the products �x ⇥ �y

16. Design a pp machine at
p
s = 40 TeV and L = 1036 cm�2s�1. Which values of �x

and �y are needed ? The following limits have to be respected:

• B < 5T

• N1, N2 < 1011/bunch

• TBC > 10 ns

17. Evaluate the maximum
p
sNN that can be obtained at LHC for Cu-Cu and Pb-Pb

collisions respectively.

18. Evaluate the value of
p
sNN for Au-Au collisions if the energy of the Au ions is 10.5

TeV. In case these collisions are done at RHIC for which value of the luminosity the
pile-up becomes of order 1 ? (RHIC circumference = 3.834 km, nb=111)

3

Proposed exercises



Hadron colliders



The proton is a complex object done by “partons”:
valence quarks / sea quarks / gluons

s = (center of mass energy of interaction)2

ŝ = (center of mass energy of elementary interaction)2

e+e-: interactions btw point-like particles with √ŝ ≈ √s
pp: interactions btw point-like partons with√ŝ << √s

e- e+

p p
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Parton-parton collision: a+b à d+c.

a,b = quarks or gluons;
d,c = quarks, gluons, or
leptons, vector bosons,…;
x = fraction of proton
momentum carried by
each parton;
ŝ = parton-parton c.o.m.
energy = x1x2s (see later);

Theoretical method: the factorization theorem

Two ingredients to predict pp cross-sections:
à proton pdfs (fa and fb)
à s “fundamental process” cross-section

€ 

dσ(pp→ cd) = dx1dx2 fa (x1,Q
2) fb (x2,Q

2)d ˆ σ (ab→ cd)
a,b
∑

0

1

∫

€ 

ˆ σ 
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parton-parton collisions – let’s define
the relevant variables
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� Parton momentum fractions: x1 and x2

� Assume no transverse momentum
� Assume proton mass negligible

� Rapidity: I evaluate the “velocity” of the parton system in the 
Lab frame:
� It measures how fast the parton
c.o.m. frame moves along z

� Relation between parton rapidity and each single x:

p1 = x1P1 = x1
s
2
1,0, 0,1( )

p2 = x2P2 = x2
s
2
1,0, 0,−1( )

ŝ = p1 + p2( )2 = x1x2s

β =
pz
E
=

p1 + p2( )z
p1 + p2( )E

=
x1 − x2
x1 + x2

y = 1
2
ln E + pz
E − pz

=
1
2
ln1+β
1−β

=
1
2
ln x1
x2

x1 =
ŝ
s
ey

x2 =
ŝ
s
e−y



Rapidity limit for a resonance of mass 
M
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� Suppose that we want to produce in a partonic interaction a 
resonance of mass M then decaying to a given final state (e.g. 
ppàZ+X with Zàµµ. Limits in x and y of the collision ?
� Completely symmetric case: x1=x2=x

� Maximally asymmetric case: x1=1, x2=xmin

� Z production at LHC, Tevatron and SpS

x2 = M
2

s
; x = M 2

s
;ey =1; y = 0

x1 =1; x2 = xmin =
M 2

s
; ymax =

1
2
ln s
M 2

LHC (14 TeV) Tevatron (1.96 TeV) SpS (560 GeV)

xmin 4.2x10-5 2.1x10-3 0.026

ymax 5.03 3.07 1.82



The x-Q2 plane
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à x – Q2 plane (Q2=M2=ŝ) c.o.m. 
energy of parton interaction.
LHC vs. previous experiments
showing where PDF are needed
to interpret LHC results.

à NB pp vs. ppbar
ppbar ≈ qqbar collider
pp ≈ gluon collider
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Proposed exercise

19. Consider the Higgs production (MH =125 GeV) at a pp collider at
p
s = 14 TeV.

Evaluate the interval in rapidity y and the minimum value of x for direct Higgs
production.

20. The VLHC program (Very Large Hadron Collider) proposes proton-proton collisions
at a center of mass energy between 40 and 50 TeV and a luminosity larger than
1035cm�2s�1, in a ring with a radius of 17.5 km. The project requires a time between
bunch crossings not smaller than 25 ns (as it is for LHC). How many bunches can be
put ? If we know that the total proton-proton cross-section at this energy is about 100
mb, evaluate the average value of the pile-up. Finally evaluate the minimum value
of x and the maximum value of y for the production of an Higgs boson (MH=125
GeV) and of a second exotic Higgs boson having a mass of 5 TeV.

21. Estimate the space resolution needed to discriminate the charge of 1 TeV muons with
3 detector layers in a B=1 T magnetic field with an overall lever arm of 5 m.

22. Estimate the time resolution needed to discriminate between muons and electrons of
the same momentum, 500 MeV/c with two detectors at a distance of 3 m.

23. Define the thickness (in cm) of a lead absorber for:

• E=10 GeV photons

• E=10 GeV muons

• E=10 GeV protons

24. Estimate the mass resolution required to observe a signal of J/ production if the
number of expected candidates is S=54 and the background per unit of mass is b =
13 MeV�1.

25. A high intensity pulsed proton beam is directed onto a target. Downstream the
target a magnet system sweeps away all the charged particles so that only neutral
particles reach the experimental region, namely photons and neutrons in the kinetic
energy range between 5 and 100 MeV. The detector is located 5 m from the target
and measures the Time of Flight of photons and neutrons. Draw schematically the
arrival time distribution of all the particles. If the repetition rate of the proton beam
is 10 MHz, determine the kinetic energy of the neutrons that can be confused with
the photons.

26. We study antiproton annihilations at rest in an hydrogen target and we want to dis-
criminate the two processes pp ! ⇡+⇡� and pp ! K+K� . Calculate the momenta
of the pions and of the kaons and estimate the ratio of the rates of the two processes
(assuming only phase-space). Compare two possible systems to discriminate between
the two final states: one based on 3 stations in a 0.3 T magnetic field and one based

4



Variables for particles emerging from 
the collision
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� Rapidity y can be defined for any particle emerging from the 
collision. Let’s consider a particle of mass m, energy-momentum
E, p and define the rapidity

� Pseudorapidity h: it is the rapidity of a particle of 0 mass:

� Transverse energy and momentum:

� General consideration: Energy and momentum conservation are 
expected to hold “roughly” in the transverse plane. This gives rise to the 
concept of missing ET

� We do not expect momentum conservation on the longitudinal
direction.

ET
2 = px

2 + py
2 +m2 = E 2 − pz

2 =
E 2

cosh2 y
; pT

2 = px
2 + py

2 = p2 sin2θ
€ 

η =
1
2
ln1+ β cosθ
1−β cosθ

→
1
2
ln1+ cosθ
1− cosθ

= −lntanθ
2

y = 1
2
ln E + pz
E − pz

=
1
2
ln1+β cosθ
1−β cosθ



Properties of the rapidity
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� Rapidity y can be defined for any particle emerging from the collision. Let’s
consider a particle of mass m, energy-momentum E, p and define the rapidity

� Properties
� If we operate a Lorentz boost along z, y is changed additively (so that Dy the 

“rapidity gap” is a relativistically invariant quantity): 

� If expressed in terms of (pT, y, f, m) rather than (px,py,pz,E) the invariant phase-
space volume gets a simpler form:

� so that in case of matrix element uniform over the phase-space, you expect a 
uniform particle distribution in y and pT2.

y = 1
2
ln E + pz
E − pz

=
1
2
ln1+β cosθ
1−β cosθ

!y = y+ yb
yb = ln γb 1+βb( )"# $%

dτ = 1
2
dpT

2dydφ

(only for the restricted class of 
Lorentz transformations
corresponding to a boost along the 
longitudinal z axis)



Invariant mass and missing energy
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� The invariant mass of 2 particles emerging from the IP can be 
written in terms of the above defined variables

10 47. Kinematics

and
= (ycm)max = ln(

√
s/m) . (47.44)

The invariant mass M of the two-particle system described in Sec. 47.4.2 can be
written in terms of these variables as

M2 = m2
1 + m2

2 + 2[ET (1)ET (2) cosh∆y − pT (1) · pT (2)] , (47.45)

where

ET (i) =
√

|pT (i)|2 + m2
i , (47.46)

and pT (i) denotes the transverse momentum vector of particle i.

For p ≫ m, the rapidity [Eq. (47.40)] may be expanded to obtain

y =
1

2
ln

cos2(θ/2) + m2/4p2 + . . .

sin2(θ/2) + m2/4p2 + . . .

≈ − ln tan(θ/2) ≡ η (47.47)

where cos θ = pz/p. The pseudorapidity η defined by the second line is approximately
equal to the rapidity y for p ≫ m and θ ≫ 1/γ, and in any case can be measured when
the mass and momentum of the particle are unknown. From the definition one can obtain
the identities

sinh η = cot θ , cosh η = 1/ sin θ , tanh η = cos θ . (47.48)

47.6. Transverse variables

At hadron colliders, a significant and unknown proportion of the energy of the incoming
hadrons in each event escapes down the beam-pipe. Consequently if invisible particles
are created in the final state, their net momentum can only be constrained in the plane
transverse to the beam direction. Defining the z-axis as the beam direction, this net
momentum is equal to the missing transverse energy vector

Emiss
T = −

∑

i

pT (i) , (47.49)

where the sum runs over the transverse momenta of all visible final state particles.

47.6.1. Single production with semi-invisible final state :

Consider a single heavy particle of mass M produced in association with visible
particles which decays as in Fig. 47.1 to two particles, of which one (labeled particle 1)
is invisible. The mass of the parent particle can be constrained with the quantity MT
defined by

M2
T ≡ [ET (1) + ET (2)]2 − [pT (1) + pT (2)]2

= m2
1 + m2

2 + 2[ET (1)ET (2) − pT (1) · pT (2)] , (47.50)
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� The invariant mass of 2 particles emerging from the IP can be 
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� The invariant mass of 2 particles emerging from the IP can be 
written in terms of the above defined variables

� Non-interacting particles such as neutrinos can be detected
via a momentum imbalance in the event. But since most of 
the longitudinal momentum is “lost”, the balance is reliable
only in the transverse direction.è Missing Transverse
Energy

!
/ET = −

!
ETk

k=1

Ncl

∑ −
!pTi

i=1

Nm

∑
!
ETk =

Ek cosϕk

sinhηk

x̂ + Ek sinϕk

sinhηk

ŷ

!
/ET



Example: W mass constraint: 
evaluation of neutrino direction
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http://vsharma.ucsd.edu/lhc/Baden-Jets-Kinematics-Writeup.pdf



A detailed look at a p-p collision. What really happens ?

(A) “Real” proton-proton collision
(pomeron exchange): 40% of the times

p-p elastic scattering
≈ 25%

Single diffraction
≈ 10%

Double diffraction
≈ 1%

Central diffraction
≈ 1%

(B) Inelastic non-diffractive:
60% of the times

Where is the fundamental physics
in this picture ?
Among non-diffractive collisions
parton-parton collisions.
Signatures: 

proton-proton collision
è “forward”

parton-parton collision
è “transverse” 6/4/20Methods in Experimental Particle Physics47
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Starting from the ‘70s observation of jet production in 
e+e-, pp and ep collisions. QCD explanation (for e+e-):

e+e-àqqbar à hadronisation results in 
two jets of hadrons if q (qbar) momenta >> O(100MeV)

€ 

S =

3 pti
2

k=1

N

∑

2 pi
2

k=1

N

∑

2-jet events: qqbar or gg final state that hadronise in 2 jets
in back-to-back configuration;

3-jet events: one hard gluon irradiation gives rise to an 
additional jet (3jet/2jet is a prediction of pQCD)

Several variables can be defined to discriminate “2-jet-like” 
behaviour wrt isotropic behaviour: 
sphericity S 0<S<1

Here, pti are the transverse momenta
of all hadrons in the final state relative
to an axis chosen such that the
numerator is minimised. (S=0 back-to-back, S=1 isotropic)

Jets* - I

NB: in low energy e+e- you see multi-hadrons not jets…

(Jet model)

* For more details on jets see: R.K.Ellis, W.J. Stirling and B.R.Webber
QCD and Collider Physics, Cambridge Univ. Press 1996
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Jets - II



Jets - III
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Jet experimental definition:
based on calorimeter cells
based on tracks
à quadri-momentum evaluated (E,p)

Jet algorithms:
sequential recombination
cone algorithms
kT algorithms (against infrared divergences)

€ 

R = Δη2 + Δϕ 2



b-Jets
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Two main methods to “tag” B-jets:
1) Displaced vertices
2) One or more leptons from semi-leptonic

decays. Leptons are not isolated.



Heavy Ion collisions: the centrality
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In heavy ion collisions we define
the impact parameter b.
b=0 or small è “central” collision
b large è “peripheral” collision
The “centrality” is a measure of b

How can we experimentally measure
the centrality of each event ?
In a heavy ion collision many particles are 
produced, mostly in the forward region. 
èTotal energy measured in the
Forward detectors
è Divide in “percentile” of centralities



Centrality definition
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Centrality determination with ALICE ALICE Collaboration

1 Introduction

Ultra-relativistic heavy-ion collisions at the Large Hadron Collider (LHC) produce strongly
interacting matter under extreme conditions of temperature and energy density, similar to those
prevailing in the first few microseconds after the Big Bang [1].

Since nuclei are extended objects, the volume of the interacting region depends on the impact
parameter (b) of the collision, defined as the distance between the centers of the two colliding
nuclei in a plane transverse to the beam axis. It is customary in the field of heavy-ion physics
to introduce the concept of the centrality of the collision, which is directly related to the impact
parameter, and inferred by comparison of data with simulations of the collisions.

The purely geometrical Glauber model [2], which typically is used in this context, has its ori-
gins in the quantum mechanical model for p–A and A–A scattering described in [3–5]. The
model treats a nuclear collision as a superposition of binary nucleon-nucleon interactions. The
volume of the initial overlap region is expressed via the number of participant nucleons. A
participant nucleon of one nucleus is defined as a nucleon that undergoes one or more binary
collisions with nucleons of the other nucleus. The number of participants and spectators, Npart
and Nspec = 2A�Npart, where A is the total number of nucleons in the nucleus (mass number),
and the number of binary collisions Ncoll are calculated for a given value of the impact parameter
and for a realistic initial distribution of nucleons inside the nucleus, and assuming that nucleons
follow straight trajectories. This approach provides a consistent description of p–A, d–A, and
A–A collisions, and is especially useful when comparing data from different experiments or
from different collision systems and to theoretical calculations.

Neither the impact parameter nor geometrical quantities, such as Npart, Nspec, or Ncoll are directly
measurable. Two experimental observables related to the collision geometry are the average
charged-particle multiplicity Nch and the energy carried by particles close to the beam direc-
tion and deposited in Zero-Degree Calorimeters (ZDC), called the zero-degree energy EZDC.
The average charged-particle multiplicity is assumed to decrease monotonically with increas-
ing impact parameter. The energy deposited in the zero-degree calorimeters, EZDC, is directly
related to the number of spectator nucleons Nspec, which constitute the part of the nuclear vol-
ume not involved in the interaction. However, unlike Nch, EZDC does not depend monotonically
on the impact parameter b because nucleons bound in nuclear fragments with similar magnetic
rigidity as the beam nuclei remain inside the beam-pipe and therefore are not detected in the
ZDC. Since fragment formation is more important in peripheral collisions, the monotonic re-
lationship between EZDC and b is valid only for relatively central events (small b). For this
reason, the zero-degree energy measurement needs to be combined with another observable
that is monotonically correlated with b.

The centrality is usually expressed as a percentage of the total nuclear interaction cross section
s [2]. The centrality percentile c of an A–A collision with an impact parameter b is defined by
integrating the impact parameter distribution ds/db

0
as

c =

R
b

0 ds/db
0 db

0
R •

0 ds/db0 db0
=

1
sAA

Z
b

0

ds
db0

db
0. (1)

In ALICE, the centrality is defined as the percentile of the hadronic cross section corresponding
to a particle multiplicity above a given threshold (NT HR

ch
) or an energy deposited in the ZDC

2



Centrality definition
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2

interaction point. In the analysis at least two reconstructed tracks were required to form a ver-
tex within ±25 cm of the nominal interaction point along the beam line and within a radius
of 2 cm measured perpendicular to the beam relative to the average vertex position. Large-
multiplicity beam-background events were removed by requiring the compatibility of the ob-
served pixel-cluster lengths with the hypothesis of a PbPb interaction at the estimated vertex.
Finally, events containing beam-halo muons were eliminated by a timing requirement on the
BSC counters on opposite sides of the interaction point. The total event selection efficiency of
the minimum bias trigger for hadronic PbPb interactions was found to be (97 ± 3)% [15].

Events were sorted into different centrality classes. The centrality of heavy-ion interactions is
related to the number of participating nucleons and hence to the energy released in the colli-
sions. In CMS, the centrality is defined as percentiles of the energy deposited in the HF. The
most central/peripheral event class, i.e. (0–2.5)%/(70–80)% in this analysis, has a large/small
number of participants and a large/small energy deposit in HF. In order to estimate the mean
number of participating nucleons (hNparti) and its systematic uncertainty for each centrality
class, a Glauber model of the nuclear collision was used [16–18].

The data were corrected for detector acceptance and inefficiencies using correction factors
C(|h|) estimated from the HYDJET 1.8 [19] Monte Carlo (MC) event generator coupled to a
GEANT4 [20] CMS detector simulation. These correction factors were calculated as the ratio of
MC predictions at the particle level and the detector level for each centrality class. The correc-
tion factor C(|h|) ⇡ 1.6 for |h| < 2, falls to ⇡ 1.1 by |h| = 4 and then rises to 2 at |h| ⇡ 5. The
non-linearity of the calorimeter response and the effect of the magnetic field cause the C(|h|)
to depend upon the pT spectra, the ratio of charged and neutral particles, and the mixture of
mesons and baryons. The value of C(|h|) increases if the assumed spectra shifts to lower pT
or if the ratio of charged to neutral particles is larger. To estimate the systematic uncertainties
in C(|h|), two tunes of HYDJET (1.6 and 1.8) were used. HYDJET 1.8, hpTich = 0.66 GeV/c, was
tuned to LHC spectra and particle yields as measured by the ALICE collaboration [21] and
successfully tested against a wide range of RHIC data. HYDJET 1.6, hpTich = 0.57 GeV/c, was
only tuned to RHIC data [19]. At central pseudorapidity the fraction of ET carried by charged
pions, kaons, protons and antiprotons is 0.60 for HYDJET 1.6 and 0.62 for HYDJET 1.8. The re-
sults were cross checked using data taken with no magnetic field and in addition, for B = 3.8 T,
data from tracks with pT > 900 MeV/c were combined with energy clusters in the calorimeters
to identify different types of particles and measure their energy. Since muons and neutrinos
carry a negligible fraction of the total transverse energy and deposit almost no signal in the
calorimeters they are not considered in this analysis and no correction factors are applied to
account for them. The corrected transverse energy for N analyzed events is obtained as

dET

dh
(|h|) = C(|h|) ·

Âj ET,j(|h|)
N ⇥ (2 ⇥ Dh)

(1)

where the sum over j covers all calorimeters cells located within the h range Dh and ET,j is the
transverse energy measured in a particular cell j. Note that for this summation no threshold
is applied to the individual calorimeters cells. Several sources of systematic uncertainties were
studied and their effects are summarized in Table 1 and described below. Energy Scale: all
of the calorimeters were initially calibrated with test beam data and radioactive sources. For
the barrel and inner endcap calorimeters these calibrations were refined using isolated charged
hadrons whose momentum was reconstructed in the tracker. For the HF calorimeter the en-
ergy scale was cross-checked by reconstructing Z ! e+e� in pp collisions where either the
positron or the electron was recorded in the ECAL and tracker. Symmetry about h: for PbPb
collisions the corrected dET/dh should be symmetric about h = 0. The values of dET/dh for

1

The goal of relativistic heavy-ion collisions is to study the behavior of quarks and gluons under
extreme conditions of pressure, density, and temperature, such as those that existed shortly af-
ter the Big Bang. Similar conditions can be reproduced in the laboratory by colliding heavy nu-
clei at the highest possible energies. Experiments at the Relativistic Heavy Ion Collider (RHIC)
have shown that at nucleon-nucleon center-of-mass energy of psNN = 200 GeV a strongly in-
teracting medium is produced. This system behaves as an almost perfect quantum fluid [1–4].
There are also indications from the RHIC experiments that at these energies the initial state of
the colliding nuclei may be a color glass condensate [1, 5, 6]. The presence of such a state may
affect the spatial distribution of partons within the nucleus, particularly at high pseudorapid-
ity [7, 8]. Measuring the distribution of transverse energy over a wide pseudorapidity range
sheds light also on the longitudinal expansion of the system. In 2010, the Large Hadron Collider
(LHC) accelerated heavy ions to energies 14 times higher than RHIC in order to produce matter
at energy densities never achieved before. One of the basic measurements in this new regime
is that of the energy distribution of all the produced particles, which is connected to the initial
energy and entropy densities of the produced matter. At lower energies, the measured rapidity
distributions of particles are generally well described by Gaussians. The widths of these distri-
butions are consistent with the predictions of Landau hydrodynamics, i.e. sy =

p
ln g, where

g is the Lorentz factor of the colliding beams [9–13]. The rapidity variable, y ⌘ tanh�1(vz/c),
where vz is the velocity of the particle along the beam direction z, provides a way to describe
the longitudinal distribution of matter created in these collisions. Calorimeters measure only
the energy deposited at various angles and therefore the data are presented in terms of the dis-
tribution of energy in pseudorapidity, h. Pseudorapidity is defined as h ⌘ � ln[tan(q/2)], with
q the polar angle with respect to the z axis. When the momentum of a particle is larger than its
mass, its h ⇡ y.

The Compact Muon Solenoid (CMS) experiment is a general-purpose detector designed to
study hadron collisions at the TeV scale [14]. In particular, it has almost hermetic calorime-
try that is sensitive to the distribution of energy over nearly the complete angular range. The
transverse energy is defined by ET = Âi Ei sin qi, where Ei is the energy seen by the calorimeter
for the i

th particle, qi is the polar angle of particle i, and the sum is over all particles emitted
into a fixed solid angle in an event. The quantity dET/dh is an approximately Lorentz invari-
ant measure of the energy distribution. The transverse energy is studied as a function of the
geometry of the collision, i.e. the centrality, of the heavy-ion interaction. Finally, comparisons
are made with lower energy data and theoretical models.

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the central field volume are the silicon pixel
and strip trackers, lead-tungstate crystal electromagnetic calorimeter (ECAL) and the brass-
scintillator hadron calorimeter (HCAL). These calorimeters are physically divided into the bar-
rel and endcap regions covering together the region of |h| < 3.0. The Hadronic Forward (HF)
calorimeters cover |h| from 2.9 to 5.2. The HF calorimeters use quartz fibers embedded within
a steel absorber. The CMS tracking system, located inside the calorimeter, consists of pixel and
silicon-strip layers covering |h| < 2.5. A set of scintillator tiles, the Beam Scintillator Counters
(BSC), are mounted on the inner side of the HF calorimeters to trigger on heavy-ion collisions
and reject beam-halo interactions. In addition, two Zero Degree Calorimeters (ZDC) are used
for systematic checks. For more details on CMS see [14].

In 2010, CMS recorded PbPb collision data corresponding to an integrated luminosity of 7.36 µb�1

of which 0.31 µb�1 were included in this analysis. This luminosity selection provided a data
sample with negligible statistical uncertainties. Minimum bias inelastic PbPb collisions were
selected by requiring that either the HF or BSC counters detected a signal on both sides of the
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Method: assign to each event a
centrality given by the percentile
region where the event goes. 


