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Luminosity measurements

Collider Physics
Toni BaroncelliYear 2024
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3 How to measure cross sections ...

Luminosity @ LHC

N = L X s (also 𝑅 = 𝜎 $ ℒ) 

event rate (integrated # events)

Luminosity 
(Machine parameter)

Cross section

L: not only conversion 
factor (s=N/L) but also 

monitoring
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ℒ : Measurements and Monitoring
We have to distinguish between

• Absolute measurements of Luminosity

Van der Meer scan (compute luminosity using beam parameters, a 
few times per year)
Low angle measurements (measure cross section and normalise
to luminosity)(difficult, not precise enough → monitoring?)

• Monitoring of Luminosity
Any detector sensitive to intensity of beams (tracking, calorimeters, 
continuous measurements during time)

The second indicator has to be normalised to the absolute value of the 
luminosity → extrapolation
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Instantaneous & Integrated Luminosity

• Instantaneous L -> online for 
machine monitoring: LHC 
performance and operation 
(luminosity levelling, beam 
monitoring…). Needed 
precision: 3-5% or better
• Integrated L -> offline for 
physics: precise cross section 
measurements, SM test, new
physics (theory often limited by 
PDF uncertainty, aim to have 
lower luminosity uncertainty to 
better constrain PDFs’). Needed 
precision: below 2%, ideally 1%

Experiments MUST provide highly precise luminosity 
measurements:
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Luminosity Measurements: basic
𝜎 → 𝑅 𝑡 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠

𝑅 𝑡 = ℒ 𝑡 / 𝜎
ℒ 𝑡 = ⁄𝑅 𝑡 𝜎

𝜎 = 𝑅 𝑡 /ℒ 𝑡
𝜎 = N/𝐿

𝑁 = ∫!!
!" 𝑅 𝑡 𝑑𝑡

𝐿 = 6
!!

!"
ℒ 𝑡 𝑑𝑡
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The Devil is in the Details

• Absolute scale from beam-separation scans: vdM method, complemented 
by the luminous-region evolution (beam-beam imaging scans)

• Evaluation of linearity over four orders of magnitude in luminosity
• Stability throughout the year → redundancy between luminometers
• All other source of systematics
Sara Valentinetti LHCP 2018 –

BCID # 

Time
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Titolo TestoHow to measure luminosity

1. Measure machine parameters → Direct bunch shape and 
intensity measurements

– Van der Meer scan (VdM)
– Beam-Gas-Imaging (BGI)

2. Use processes with known cross section.

– Forward scattering at very low angles based on optical theorem 
– Cross-calibration of luminosity detectors

ALICE, ATLAS, CMS, LHCb

LHCb

ATLAS with ALFA,
CMS with TOTEM

… and to monitor it with time

use of tracking detectors & calorimeters 

N = L s→ L = N / s

~real option for now

Near future
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Titolo TestoLuminosity Determination at the LHC (history)

Methods as
summarized in ATLAS TDR

[ATLAS Technical Design Report, Vol. I]

Red → Monitors
Light blue → Measurements

ATLAS with ALFA,
CMS with TOTEM
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ATLAS Luminosity Detectors
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Titolo TestoLuminosity (monitoring) via Forward Scattering

TAS: Target Absorber Secondaries
TAN: Target Absorber Neutrals

µ-chambers

Barrel End-cap

Tracking
MBTS

BCM

Forw. Calo.
LUCID

TAS TDC/TAN
ALFA

0 1 2 3 4 5 6 7 8 9 10

BCM
[Beam Condition Monitor]
Diamond sensors 
at z = ±184 cm 
4 modules per side

LUCID
[Luminosity Monitor]
Cherenkov gas tubes,
at ~17 m from IP.

ZDC
[Forward Neutrals]
W74 /Quartz calo 
at 140 m and at 0° toIP.

ALFA
[Absolute Lumi ...]
Fiber trackers 
in “Roman Pots” ...
at 240 m ...

AFP
[Track & ToF System]
LHC Upgrade ...

at 220 and 420 m ...

Scattered Proton Tagging Region

(eta)

MBTS

The more forward you go → the more events you have → lower stat error 

240 m away from PV

17 m away from PV
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CMS Luminosity Detectors
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Titolo TestoCross Section & Luminosity

But also acceptance: correct for the fact 
all detectors are not full coverage

A

Vocabulary: efficiency e is fraction of reconstructed objects measured 
by a detector; acceptance fraction of instrumented solid angle 

N = L X s
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Titolo TestoCross Section & Luminosity

Φa : flux
na : density of particle beam
va : velocity of beam particles

N : reaction rate
Nb : target particles within beam area
σa : effective area of single 

scattering center

L : luminosity

.

Na : number of particles per bunch (beam A)
Nb: number of particles per bunch (beam B)
U : circumference of ring
n : number of bunches per beam
v : velocity of beam particles
f : revolution frequency
A : beam cross-section
σx : standard deviation of beam profile in x
σy : standard deviation of beam profile in y

Collider experiment:

integrated luminosity

LHC:

Nx ~  1011
A ~  .0005 mm2
n ~  2800
f ~  11 kHz

L ~  1034 cm-2 s-1

rate of events
Instantaneous Luminosity

Colliders

sx, sy :  not 
well known
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Measuring beam populations → N1 N2

bunch



To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1

Toni Baroncelli - INFN Roma TRE                                                                                                 Physics at Hadron Colliders

Titolo TestoBunch current measurements
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Titolo Testo

Determine beam size ...

measuring size and shape of the 
interaction region by recording relative interaction 
rates as a function of transverse beam separation ...

[LHC Project Report 1019: H. Burkhardt et al.]

Van-der-Meer Separation Scan→ sx, sy

Bunch 1 Bunch 2

Effective area Aeff

Interaction region

N1
N2

[November 2009].
[IPAC 2010, S. White et al.]

Move one beam wrt the other

Assumption: the two beams have the same profile!

Scans in IP1
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sx sy of the beam : factorability!

Factorizability

Assumption: factorization of beam density function: ℒ 𝛿" , 𝛿# = 𝑓"(𝛿") ( 𝑓#(𝛿#)
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Systematic effects

Factorization OK

Signature of non-factorization effects:
dependence of vertical convolved beam
size and/or vertical luminous width on
horizontal separation (and vice-versa).

• CMS in 2017: 0.8 ± 0.8 %
• ATLAS in 2017: 0.2 ± 0.2 %

Factorization

Scan-to-scan reproducibility of vdM calibration:

§ CMS in 2017: ± 0.9 %
§ ATLAS in 2017: ± 1.2 %
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Extrapolating the VdM ℒ ⇢ 𝐿𝑈𝐶𝐼𝐷

Extrapolation depends on
• Number of bunches
• Number of superimposed interactions

1 step extrapolation: # bunches & µ
2 steps extrapolation:
# bunches first and then µ
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Calibration Transfer

• Van der Meer scan  (low L, low μ, 
few bunches far apart)

• Physics (high L, high μ, more than 
2000 bunches in trains of 25 ns)

Q: how to extrapolate ?

A: tracking luminosity (~#tracks) is not 
(or very little) sensitive to bunches and 
pile-up.

Non-linearity correction from Tracking
ATLAS: typical correction @ μ = 50 for LUCID hit counting in 2017: - 9%
Systematic uncertainty evaluated by comparing with calorimeter-based correction in 2017: 
±1.3%
CMS:  Non-linearity correction from emittance-scan analysis (i.e. "absolute")
typical correction @ μ = 50 for HFET in 2017: 1.5 %
Systematic uncertainty evaluated by comparing residual relative non-linearity of luminometers 
on 2017: ±1.5%

VdM
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• One LHC bunch is a sum of ‘buckets’ 1–1.5 ns long 
• Ideally, all particles should be contained within the nominally filled bunches; 
• Experience: correct to about 1–2%  (for LHC p  beams and about 5%for LHC Pb) 

Luminosity needs the total bunch populations of the two rings:

• Nominal bunches (main)
• satellite bunches
• ghost charge.

Some details on the bunch structure…2

The total beam population of beam j =  1 or 2 (measured with the DCCTs [3]) is assumed to 
be the sum of the following components

𝑁!"!
#$%,' = 𝑁()*+

#$%,'+ 𝑁,-".!
#$%,'+ 𝑁/*0"!

#$%,'

where Nmain, j  is the charge of all slots nominally filled with a high intensity bunch (a ‘main’ 
bunch), Nghost, j  is the ghost charge and Npilots, j  the charge of all slots containing a ‘pilot’ 
bunch (not used in all fills, see below). In our definition, the term Nmain, j  is what is needed 
to determine the scale of the cross section, after correcting for the effects of satellite 
bunches. 
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Bunch structure of LHC
Distance between 2 filled bunches 25 ns

Radio frequency 
is 2.5 ns

Satellite bunchesSatellite bunches

ghost bunches

ghost bunches

𝑁!$!
%&',) = 𝑁*+,-

%&',)+ 𝑁./$0!
%&',)+ 𝑁1,2$!

%&',), 𝑗 = 𝑏𝑒𝑎𝑚#

The particles of an LHC bunch are contained within a bucket 1–1.5 ns long. Ideally, all
particles should be contained within the nominally filled RF bins. Experience has shown
that this is typically correct to an accuracy of about 1–2%

In the phase of filling beams also pilot bunches are injected to check the orbit of a fill
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Titolo TestoVdM scans in ATLAS

Low luminosity runs, clean measurement
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Titolo TestoAn alternative approach: BGI

The direction of tracks (forward backward) 
→ vertices to a beam 1 or 2. 
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Titolo TestoUncertainties - 1
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Titolo TestoSnapshot of Luminosities uncertainties
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Optical theorem basics

N = L s→ L = N / s
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Titolo TestoALFA – Absolute Luminosity for ATLAS

Coulomb 
scattering (~|t|–2)

Coulomb-nuclear interference
[fitting this region yields L,σtot, ρ and b]

Nuclear scattering
(~exp(-b|t|) )

Perturbative
QCD (~|t|–8)

Elastic Scattering:

Proton

Proton

γ,

10–3 10–2 10–1 1 10 |t| [GeV2]
dσ

/d
t

Elastic Scattering at low t is sensitive to 
exactly known Coulomb amplitude ...

Shape of elastic scattering distribution can also be used to determine 
total cross section, σtot, and the parameters ρ and b ...
Perform fit to:

ρ : ratio of the real to imaginary part 
of the elastic forward amplitude

b : nuclear slope
σtot : total pp ➛X cross section

with:

Coulomb 
Scattering

Coulomb/nuclear 
Interference

Nuclear
Scattering

σC = σN
|t| = 6.5 × 10–4 GeV2
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Titolo Testo

➛

ALFA – Absolute Luminosity for ATLAS

Elastic Scattering:

Proton

Proton

γ,

ATLAS

ALFA

Parallel-to-point focusing ...
Protons scattered at angle θ form
ellipses at ALFA ...

Need proton detection 1.5 
mm from beam ...

[Depends on beam optics]

Use of Roman Pot detectors ..

➛

➛
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AFP & ALFA : geometry

exist

2 stations2 stations
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Titolo TestoALFA – Absolute Luminosity for ATLAS

Roman Pots, based on modified Totem design, used to 
move detectors near to stable beam.
Detectors in vertical plane only.

Calibration:
Beam positioning monitors (BPMs) and hit multiplicities 
used to calibrate detector positions with respect to beam

Overlap extrusions used to calibrate distance between 
upper and lower detectors

Collimator Roman Pot Collimator Roman Pot

beam
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Titolo TestoALFA – Absolute Luminosity for ATLAS
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ALFA detector
O

D 
= 

ov
er

lap
 d

et
ec

to
r
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Titolo TestoALFA – Absolute Luminosity for ATLAS

Single-cladded 0.5 mm square fibers
used to track scattered protons ...
20 detector planes with 64 fibers each ...
[expected position resolution: 30 µm]

Dead region less than 100 µm ...

Efficiency > 90% per plane ...

Schematic view of tracker module ...
Sensitive area with U-V geometry (light blue) ...
Overlap detectors and fibers (dark blue) ...
LHC Beam pipe (red) ...

Scintillating fibers
in U-V geometry

36 KAPITEL 4. DER ALFA DETEKTOR

können prinzipiell aus den gemessenen Daten rekonstruiert werden. Die OD haben
die Aufgabe, nur die vertikale Position (y) der Pots im Bezug auf die Strahlachse
zu messen. Dafür werden drei weitere Module mit je zwei Ebenen und jeweils 15
Fasern in den Detektor eingebaut. Die überlappende sensitive Fläche ist senkrecht
zu den anderen 10 Modulen in speziell dafür vorgesehenen Ausbuchtungen des RP
untergebracht (siehe Abb. 4.3). Die aktive Fläche eines OD umfasst (6×15)mm2 und
das staggering der Ebenen beträgt jeweils 166 µm in y Richtung. Die so erreichbare
ideale Ortsauflösung liegt im Bereich von 70 µm [21].

Abbildung 4.10: Seitenansicht einer RP Station (links), an der strahlzugewandten Kante
der Pots erkennt man die Ausbuchtungen für die overlaps. Nur Koinzidenz-Signale aus den
OD beider Pots werden zur Positionsbestimmung genutzt. Rechts abgebildet ist die Skizze
eines Trackermoduls und des sensitiven Bereiches der U-V Geometrie (hellblau), sowie des
Faserverlaufs der OD (dunkelblau). Der rote Kreis repräsentiert das LHC Strahlrohr, der
rote Punkt in der Mitte die nominale Strahlachse [17].

4.4 ALFA Prototypen

Vor der geplanten Installation in den LHC Tunnel wurden verschiede Prototypen
der Tracker und overlap Module angefertigt und getestet. Neben ersten Ergebnis-
sen zur geometrischen Qualität der Module, dem generellen Detektorkonzept sowie
optischen und elektronischen Störeffekten, konnte diese Phase zum intensiven Er-

Bau eines Luminositätsdetektors.
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ALFA detector
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ALFA detector : signal events
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ALFA detector : background events
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ALFA : acceptance & unfolding

ttrue at production 
vs treco at detection
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Titolo TestoALFA – Absolute Luminosity for ATLAS

ALFA
Simulated hit distribution
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Monitoring Luminosity
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CMS: VdM-like scans

Detector effects

Short vdM-like scans performed at the beginning
and at the end of LHC fills in standard physics
conditions:

• Beams scanned in X and Y planes in 7/9
displacement steps of 10s/point;
• Lower level of precision than vdM scan due to:
limited scanning range (insensitive to tails), possible
non factorization biases (different bunch-production
mode), beam dynamics effects (e.g. beam-beam
effects)
• useful for relative measurements
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Titolo TestoATLAS Luminosity monitors

What between VdM scans?

Beam dump!
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Summary of Luminosity Monitors
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ATLAS Luminosity Monitoring in 2017
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Titolo TestoEarly LHC Luminosity Measurement 

Particle counting:
Charged Tracks (MBTS)
Calorimeter deposits (LAR)
[Normalization via Monte Carlo]

Forward Particles (LUCID)
[Relative Method; normalization to MBTS/LAr]

Total integrated
Luminosity 2010

Example Fill

Example Fill

Same trend!
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LUCID
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Calorimeters
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Comparison among different monitors
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Z counting

The invariant mass distribution of the muon
pairs of the 240,000 Z ->µµ boson events
selecting
• two muons with pT> 27 GeV,
• h < 2.4
• 66 < mµµ < 116 GeV.

The statistical errors are smaller than the
symbol size.

Comparison between Z counting and LLucid
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Titolo TestoBackup slides



To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1

Toni Baroncelli - INFN Roma TRE                                                                                                 Physics at Hadron Colliders

Titolo TestoLuminosity Determination @ LHC (old slide)

Absolute Methods:
Determination from LHC parameters; van-der-Meer separation scans ...
Rate measurement for standard candle processes ...

LHC Examples:
Rate of pp ➛ Z/W ➛ ℓ [ needs: electroweak cross sections]

Rate of pp ➛ γγ ➛ µµ, ee [needs: QED & photon flux]
Optical theorem: σtot ~ Im f(0) [needs: forward elastic and total inel. x-sec]

Elastic scattering in Coulomb region ...

Combination of the above ...

Relative Methods:
Particle counting; using Cherenkov monitors [e.g. LUCID @ ATLAS]
[needs to be calibrated for absolute luminosity]

ll/lν

Aim: Luminosity accuracy of 2-3% ...

Accuracy: from 10%-
To today ~3%

Accuracy: 5-10%
[PDF knowledge, ...]

Accuracy: 5-10%
[needs σtot; needs forw. instrumentation]

Accuracy: 2-3%

Accuracy: 1-5% ?
[TDR; needs forw. tagging]

TOTEM 


