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Motivation

σ = N
Lint

σ - cross section of a process, N - seen events of the process, Lint - integrated luminosity

Luminosity is key for:
experiment-independent evaluation of physics message (cross section),
experiment control (beam quality monitoring).

Absolute accuracy is important:
challenging task with many sources of systematic uncertainties,
→ in some cases dominates the systematic uncertainty on cross section determination.

Last summary talk at LHCP in 2020 by O. Karacheban, see HERE.
List of new public documents since then in the backup (page 21.)
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https://indico.cern.ch/event/856696/contributions/3742263/attachments/2045780/3427832/LHCP2020_Lumi_talk_v13_GSlides.pdf
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Luminosity definition and measurement
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Luminosity definition

L = νrevN1N2

∫
ρ1(x , y)ρ2(x , y)dxdy

νrev - revolution frequency, Ni - bunch intensity, ρi - bunch density distribution in (x,y) plane

∫
ρ1(x , y)ρ2(x , y)dxdy = 1

2πΣx Σy

Σx ,Σy are the effective widths of the bunch overlap
region in the two transverse directions

(standard deviation if Gaussian).

L = νrev
N1N2

2πΣx Σy

Luminosity accuracy:
accuracy based on accelerator instrumentation O(10%),
ultimate accuracy used in physics analysis is based on dedicated calibration (vdM, BGI...).
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Luminosity measurement via visible cross section
Luminosity is measured indirectly in physics data-taking using suitable reference process.

L = Rref
σref

The reference cross section σref can be taken from:
known physics process (i.e. Z-boson decay, EMD...; generally accuracy not good enough),
visible cross section measurement by the vdM or BGI method.

L = Rvis

σvis
= µvisνrev

σvis

µvis is an average number of visible interactions per bunch crossing.

L = νrev
N1N2

2πΣx Σy
L = µvisνrev

σvis
→ σvis = 2πµvisΣx Σy

N1N2

We need a session where we can measure µvis, Ni and Σi simultaneously!
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Bunch intensity measurement L = νrev
N1N2

2πΣx Σy

Provided by LHC via current transformers:
DC current transformer (DCCT)
- total beam intensities,
fast beam current transformer (fBCT)
- relative bunch intensities.

DCCT fBCT

Parasitic-charge correction:
ghost charge (LHC, LHCb),
satellite charge (LHC).

JINST 9 P12005 (2014)

Currently, per-mil level uncertainties.
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Bunch overlap region measurement L = νrev
N1N2/2π

Σx Σy

Dedicated sessions: van der Meer scans (all experiments), beam-gas imaging (LHCb).
vdM: displaced beams move against each
other in x and then in y direction.
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Beam conditions (vdM vs. pp physics):
low pile-up (∼ 0.5 vs. 30-60),
isolated bunches vs. bunch trains,
low luminosity (∼ 1030 vs. ∼ 1034).

Factorization assumption applied
ρ(x , y) = ρ(x)ρ(y)
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Selected topics
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Length-scale calibration

Measures the scale factor between nominal beam displacement to actual one.
Measurement of vertex position while moving beams with fixed distance.

EPJC 81, 800 (2021)
arXiv:2204.10148v1
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Alternatively, beam-gas imaging can be used (large beam-gas vertex sample required).
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Non-factorisation
ρ(x , y) 6= ρ(x)ρ(y)

Differs from bunch to bunch and in
time. Effect up to ∼ 5% in Run 1.
Beam tailoring in the LHC injection
chain reduces this effect under 2%.
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ALICE, ATLAS: combined fit to the
beam-separation dependence of the luminosity
and of the luminous-region parameters.
CMS: beam-beam imaging.
LHCb: beam-gas imaging, 2D vdM (Run 3?).
Uncertainty now tamed to 0.5− 1% in Run 2.
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Beam-beam interaction
Orbit and shape of colliding bunches distorted by mutual electromagnetic interaction.
Beam-beam deflection: change in beam separation; estimated analytically.
Optical distortion: change in beam profile; estimated with simulations.
Beam-beam deflection + optical distortion = full effect; is estimated with simulation.

CERN-ACC-NOTE-2013-0006

B
al

ag
ur

a,
EP

JC
81

,2
6

(2
02

1)
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Magnetic non-linearities
Difference between expected and measured positions with Beam-Position Monitors.
Points to non-linear behaviour of steering magnets → hysteresis.
Impact on calibration precision is several per mil, currently being assessed.
Precision calibration of BPMs could cure this problem.
Effect studied with dedicated tests on Run 3 pilot run → reproducible within that session.

CERN-ACC-NOTE-2022-0013
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Calibration transfer to physics conditions
vdM condition: low pile-up and isolated bunches → correction needed for ATLAS/CMS.
ATLAS: calibration transfer based on track-counting luminosity.
CMS: calibration transfer based on emittance scans (short vdM in physics conditions).
Typical effect up to 10% and uncertainty up to 1%.
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Stability and reproducibility over time
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ATLAS tested luminosity calibration stability using Z bosons.
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Summary of achieved accuracy
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Summary: achieved uncertainties in pp collisions
σL/L[%] for pp at 8 TeV

2012 Run 1
ALICE 2.4
ATLAS 1.9
CMS 2.6
LHCb 1.16

σL/L[%] for pp at 2.76 TeV
2013

ALICE 3.8
ATLAS 3.1
CMS 3.7
LHCb 2.2

σL/L[%] for pp at 13 TeV
2015 2016 2017 2018 Run 2

ALICE 3.4 1.9 2.7 2.1 1.6
ATLAS 2.1 2.4 2.0 1.7
ATLAS low-µ 1.5
CMS 1.6 1.2 2.3 2.5 1.6
CMS low-µ 1.7
LHCb 2.0

σL/L[%] for pp at 5 TeV
2015 2017

ALICE 2.3 2.1
ATLAS 1.5
CMS 2.3 1.9
LHCb 2.0

←Run 1

←Run 2

Preliminary in italics. Numbers without hypertext link are internal.

Roman Lavička LHCP 2022 17 / 19

https://cds.cern.ch/record/2160174
https://cds.cern.ch/record/2776672
https://cds.cern.ch/record/2776672
https://cds.cern.ch/record/2776672
https://cds.cern.ch/record/2776672
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-023/
https://link.springer.com/article/10.1140/epjc/s10052-021-09538-2
https://link.springer.com/article/10.1140/epjc/s10052-021-09538-2
https://cds.cern.ch/record/2621960
https://cds.cern.ch/record/2676164
https://cds.cern.ch/record/2621960
https://cds.cern.ch/record/2202638
https://cds.cern.ch/record/2648933
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-023/
https://cds.cern.ch/record/2235781
https://cds.cern.ch/record/2765655


Summary: achieved uncertainties in heavy-ion collisions

Larger uncertainties:
no time to tune vdM setup,
larger ghost charge,
large satellite charge,
statistical limitations.

Smaller uncertainties:
beam-beam effects,
calibration transfer.

σL/L[%] for p–Pb/Pb–p at 5 TeV
2013

ALICE 3.7/3.4
ATLAS 2.7
CMS 3.6/3.4
LHCb 2.3/2.5

σL/L[%] for Pb–Pb at 2.76 TeV
2010 2011

ALICE 5.8 4.2

σL/L[%] for p–Pb/Pb–p at 8 TeV
2016

ALICE 1.9/2.0
ATLAS 2.4
CMS 3.7/3.2
LHCb 2.6/2.5

σL/L[%] for Pb–Pb at 5 TeV
2015 2018

ALICE 2.3
ATLAS 1.5 1.9
CMS 1.5
LHCb 4.2

←Run 1

←Run 2

Preliminary in italics. Numbers without hypertext link are internal.
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https://cds.cern.ch/record/2314660
https://www.sciencedirect.com/science/article/pii/S0370269319304885
https://cds.cern.ch/record/2628652
https://arxiv.org/abs/2204.10148v1
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.024906
https://arxiv.org/abs/2204.13478
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/LUM-18-001/index.html


QUESTIONS?

Roman Lavička LHCP 2022 19 / 19



QUESTIONS?
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BACK UP
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ATLAS uncertainties for pp 13 TeV (2015-2018)
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ALICE uncertainties for Pb–Pb 5 TeV (2015 and 2018)
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Roman Lavička LHCP 2022 23 / 19



CMS uncertainties for pp 13 TeV (2015 and 2016)
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LHCb uncertainties for all collision systems in Run 1
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Orbit drift and beam-satellite event by event separation
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