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Counting collisions: luminosity in ATLAS
Overview

• Luminosity crucial input for any cross section measurement:  

• Precise determination of luminosity is therefore essential for ATLAS physics analyses 

• Leading systematic uncertainty for some measurements 

     at 13.6 TeV [ATLAS-CONF-2023-006] 

• Record 0.83% uncertainty achieved in Run 2    Target: keep final Run-3 uncertainty within 1% 

σ(pp → X) = N(pp → X)/ L

σ(Z → ll) = 751 ± (stat.) ± 15(syst.) ± 17(lumi.) pb

→

•ATLAS Luminosity Highlights in 2024 

• Preliminary calibration for 2023 pp data [ATL-DAPR-PUB-2024-001] 

• Preliminary calibration for 2023 PbPb data [Preliminary HI Result (Talk)]  

• Complete Run-3 tag with current best knowledge of luminosity [ATLGBLCONDTAGS-85] 

• Final calibration for 2018 pp data at 900 GeV in EdBoard [Approval Talk] 

• 3 separate vdM-calibration campaigns in 2024: pp at 13.6 TeV (May),                                               
pp at 5.4 TeV (pp-ref, October), PbPb at 5.4 TeV NN (heavy ion, November)

http://cds.cern.ch/record/2900949
https://indico.cern.ch/event/1438798/contributions/6054621/attachments/2899742/5084850/Offline%20luminosity%20meeting%2018.07.24%20Kartik%20(2).pdf
https://its.cern.ch/jira/browse/ATLGBLCONDTAGS-85
https://indico.cern.ch/event/1479002/contributions/6229733/attachments/2972299/5231162/900GeV_ALFAruns_lumiMeeting_21Nov24.pdf
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• LUCID 
• Reference luminometer: usable over full μ range         

• Cherenkov light detector:  PMTs 

• Several algorithms: event- and hit-counting 

• Sensitive on single bunch resolution 

2 × 16

• Inner Detector 
• Track Counting: count reconstructed tracks                     

with Pixel + SCT in randomly triggered events  
• Usable over wide μ range  
• Very linear in μ for different track selections 
• Sensitive on single bunch resolution 

• Pixel Cluster Counting (in development): count 
reconstructed Pixel clusters in randomly triggered events 

• Z-Counting 
• Used for independent cross checks  

 of baseline luminosity over time and μ  

• Tile calorimeter 
• Luminosity from PMT currents 

• Usable over wide μ range  
• Bunch-integrated sensitivity 

• LAr calorimeters (EMEC and FCal)  
• Luminosity measured with LAr gap HV currents 

over O(1) s integration times. 

• Mostly usable in high-μ physics fills.  

• Very stable over time. 

• Bunch-integrated sensitivity. 

Luminosity detectors and algorithms 
ATLAS luminometers in Run 3 
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Luminosity measurement strategy
Steps in luminosity determination

• Step 1: vdM calibration 

• Scan beams against each other in 
dedicated fills with specially-
tailored LHC conditions 

• Calibration of LUCID  σvis

• Step 2: calibration transfer 

• Transfer LUCID measurement from vdM 
regime to physics regime  

• Correct LUCID response with Track 
Counting measurement 

• Cross-check with Tile measurement to 
assess uncertainties 

• Step 3: long-term stability 

• Verify stability of luminosity calibration 
from run to run over entire running period 

• Compare run-integrated luminosities 
from LUCID, Tile, EMEC, FCAL 

• Basic idea: 

• Measure luminosity through visible interaction rate in a luminosity-sensitive detector

ℒb =
frn1n2

2πΣxΣy
=

μ ⋅ fr
σinel

=
μvis ⋅ fr

σvis

• LHC beam parameters

•  = number of inelastic collisions per bunch  

•  = inelastic cross section  

•  = visible interaction rate  

•  = visible cross section

μ
σinel
μvis
σvis
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• Determine visible cross-section  through fits of 
the measured interaction rate  vs beam separation in x- and y-directions 

• vdM calibration requires specially-tailored LHC conditions:                                    
low , isolated bunches, no crossing angle 

• Many corrections needed: orbit drifts, emittance growth, non-factorisation, 
beam-beam effects, length scale, magnetic non-linearity 

• Non-factorisation main systematic in Run 3: 1.07% in 2022                                     
and 1.39% in 2023 (pp)  combined 1.22% vs 0.24% in Run-2   

• Breaks factorisation of beam profiles assumed in the basic formalism  

• Transverse profile: 

• Evidence for strong non-factorisation in Run 3 from off-axis scans

σvis = μmax
vis ⋅ (2πΣxΣy)/n1n2

μvis

μ ∼ 0.5

→

ρ(x, y) ≠ ρ(x) ⋅ ρ(y) → [ΣxΣy] ≠ Σx ⋅ Σy

vdM calibration
Analysis of van der Meer scans

μmax
vis,x

2Σx

Δx

Beam 1

Beam 2
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• Two orthogonal approaches to improve control of non-factorisation 

• LRE analysis: combined fit of expected luminous region and luminosity     
to the data recorded at each scan step   model dependent 

• 2D grid scans: perform a scan over a grid in   model independent 

→

(x, y) →

vdM calibration
Analysis of van der Meer scans

• Many vdM scans in 2024, including special scans to improve 
understanding of non factorisation (i.e. diagonal scans) 

• Data to be analysed for the first time  not simple routine 
work, requires own intellectual input!

→
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• TC stability constantly monitored with dedicated data stream 

• Close collaboration with Tracking/Inner Detector experts

• Transfer LUCID vdM calibration to physics regime  

• Normalise Track Counting (TC) to LUCID in head-on parts of vdM                           
fill and compare LUCID vs TC at high-luminosity in physics regime

 LUCID response shows strong dependence on :  

• up to ~ 10% overestimation of luminosity at high-   

 correct using Track Counting (TC):  

• use a few long high-luminosity reference fills per year

→ μ

μ

→ ⟨μcorr⟩ = p0⟨μuncorr⟩ + p1(⟨μuncorr⟩)2

vdM @ μ ≈ 0.5 

O(10%)

Calibration transfer
Going to high-pileup physics conditions

p0 p1
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Not only corrections to LUCID…

Intermezzo: luminosity with the Inner Detector 

• Pixel Cluster Counting (PCC) 

• Assumption: number of pixel clusters per 
bunch crossing proportional to 𝜇 

• Already in use at CMS, could be key for Run 4 

• Developing in Run 3: implementation of PCC 
software and crucial studies for control of 
afterglow background

• ATL-COM-DAPR-2023-028

https://cds.cern.ch/record/2880146?
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• TC calibration in emittance scans

• Extraction TC  from emittance scans: vdM-like analysis 

• Developing in Run 3: would provide TC calibration orthogonal to LUCID

σvis

Not only corrections to LUCID…

Intermezzo: luminosity with the Inner Detector 

μEC
vis = − ln(1 − Npass/Ntot)

• Track-based luminosity in PbPb  

• Event Counting (EC): count number of events 
in a given time period  with at least one track 
(Pixel + SCT) of a given working point 

• EC is statistically precise and stable:  sets long-
term stability uncertainty in PbPb calibration

• ATL-COM-DAPR-2023-025• Pixel Cluster Counting (PCC) 

• Assumption: number of pixel clusters per 
bunch crossing proportional to 𝜇 

• Already in use at CMS, could be key for Run 4 

• Developing in Run 3: implementation of PCC 
software and crucial studies for control of 
afterglow background

• ATL-COM-DAPR-2023-028

https://cds.cern.ch/record/2878305?ln=en
https://cds.cern.ch/record/2880146?
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• Track-based LUCID correction assumes that TC is      
perfectly linear from vdM to physics regime 

• Probe TC linearity with Tile data corrected for material 
activation, primarily using Tile E3/E4 gap scintillators  

• Compare Tile/TC ratio in 

               vdM conditions 

          physics fill scheduled shortly after vdM 

• Combined 2022-2023 uncertainty = 1.23% 
 second largest systematic →

10

2022 1.5%→

2023 1.1%→
Very limited personpower:                             
new analysers with Tile experience needed!

Calibration transfer
Uncertainty in track-counting luminosity

https://cds.cern.ch/record/2900949/files/ATL-DAPR-PUB-2024-001.pdf
http://cds.cern.ch/record/2853525/files/ATL-DAPR-PUB-2023-001.pdf
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• Use independent measurements from calorimeters                                  
normalised (anchored) to track-counting around vdM fill 

• LAr calorimeters: EMEC and FCal 

• Tile calorimeter: D6 Cells

• Long-term stability derived from luminosity-weighted 
difference between calorimeters and LUCID 

Long-term stability
Check of luminosity stability over time

• Uncertainty  largest mean ΔL/L    

    equivalent to taking Lcalo instead of LLUCID 

•  0.41% (2022), 0.10% (2023)                                               

      0.22% combined  

≡

→

→

https://indico.cern.ch/event/1483514/contributions/6251200/
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• Counting Z → ee and Z → μμ can be used for relative luminosity measurement 

• 𝜎Z only known to 3-4% (PDFs) – cannot use for absolute luminosity scale :( 

• Comparison with baseline luminosity evaluated per data-taking period,                                                                                              
with L(Z) normalised to L(ATLAS) in the period  

• Validates calibration stability with time and μ  

• Over full Run probes inter-year consistency of vdM calibration  

• Could backport future improved knowledge of non-factorisation to earlier years

Z-Counting
Independent validation
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• Calibration status: 

• Good accuracy in preliminary 2022-23 pp analysis (~2% per year) but dominated 
by correlated systematics: non-factorisation (1-1.5%), calibration transfer (1-1.5%) 

• Preliminary uncertainty in 2023 PbPb analysis is 3.71%: expected to improve with 
better evaluation of systematics 

• Calibration with 2024 pp data before the upcoming summer is the highest 
priority (less strict timelines for 2024 pp-ref and PbPb) 

[ATL-DAPR-PUB-2024-001]

• Preparing for a busy 2025 

• Intense scan program: pp, PbPb and Oxygen Run (pO, OO) 

• Lots of data to analyse! 

• Bonus: LHC LumDays 2025 (Mar 10-12)

Speakers should write up their contributions (1 
paper per talk, no page limit but a recommended 
length of approximately 5 pages) using the JACoW 
templates. 

All papers (format pdf and Word or LATeX with 
images) are to be uploaded directly to the Indico 
timetable, with as a target date the end of June 
2025.

Proceedings
V. Balagura (LHCb)
H. Bartosik (BE-ABP)
F. Ferrari (LHCb)
M. Gagliardi (ALICE)
M. Gonzales-Berges (LHC-BI)
M Hostettler (LHC-OP)
W. Kozanecki (co-chair, ATLAS)
K. Mönig (ATLAS)
G. Pasztor (CMS)
D. Stickland (co-chair, CMS)
E. Torrence (ATLAS)
J. Wanczyk (LHC-OP)
C. Young (LPC)

Programme organization

Following the successful 2011, 2012 and 2019 
workshops, we propose a new edition of the LHC 
LumiDays. The goal is to review the progress, since 
2019 and over the first three years of Run 3, in the 
determination, by each Experiment, of the absolute 
LHC luminosity; the measurement of relevant beam 
parameters such as tunes, bunch populations, 
emittance evolution, or orbit drifts; and the 
characterization and mitigation of both accelerator- 

and luminometer-related systematic uncertainties.
This workshop will cover Run-2 results and the 
preliminary analyses of Run-3 data, with an 
emphasis on identifying studies and operational 
improvements that may prove useful in the upcoming 
last two years of Run-3 operations, or that will 
contribute to achieving high-accuracy luminosity 
determination in the early days of Run 4.

10 - 12 March 2025
CERN, Bat. 774/R-013

LumiDays 25

indico.cern.ch/event/1502802/

Putting it all together
Status and plans

• Chronic lack of personpower and several critical areas understaffed: 

• 2024 luminosity measurement for EPS-HEP 2025 at risk 

• Urgent need for person-power in the Online Luminosity team

http://cds.cern.ch/record/2900949/files/ATL-DAPR-PUB-2024-001.pdf
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
https://indico.cern.ch/event/1477678/
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Backup
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Final Run 2   luminosity determination
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Personpower issues 

Current scenario
[E. Torrence]
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Factorisation assumption [T. Barklow]

vdM calibration
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Evidence for Large Run 3 Non-Factorisation from vdM Scans & LRE  [T. Barklow]

vdM calibration
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LRE analysis [T. Barklow]

vdM calibration



Status of the ATLAS Luminosity Measurements | F. Dattola 20

Non-factorisation analysis
Two roads to understand non factorisation  

[K. Mönig]
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Non-factorisation analysis
Current issues 

2D grid scan (Scan III) 

[K. Mönig]
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Non-factorisation analysis
Mitigation strategies 

[K. Mönig]

• Dedicated ‘beam tailoring’ in injectors to produce Gaussian-like beams reduces non-factorisation  
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Calibration Transfer
[C. Seitz]

Uncertainty in track-counting luminosity
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Long-term stability
[R. Hawkings]Methodology
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Z-Counting
The Method [J. Newell]
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Oxygen Run
p-O Details 

[E. Torrence]
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Oxygen Run
O-O Details 

[E. Torrence]
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Oxygen Run
Tentative plan

[E. Torrence]
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2018 ALFA runs at 900 GeV 

 Dataset composed of 14 runs at √s = 900 GeV + dedicated vdM scans 
[V. Maksimovic]
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2018 ALFA runs at 900 GeV 

Results
[V. Maksimovic]
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2018 ALFA runs at 900 GeV 

Track counting data

[V. Maksimovic]
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Luminosity measurements Using TileCal  

Laser corrections 

[P. Rapheeha]
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vdM calibration
Beam-beam effects

[R. Hawkings]
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vdM calibration
Length scale calibration 

[R. Hawkings]
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vdM calibration
Consistency checks

[R. Hawkings]
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vdM calibration
Bunch population measurements [R. Hawkings]
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Luminosity measurements Using TileCal  

TileCal as Luminometer 

[P. Rapheeha]
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Luminosity measurements Using TileCal  

TileCal as Luminometer 

[P. Rapheeha]
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Luminosity measurements Using TileCal  

TileCal as Luminometer 

[P. Rapheeha]
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Tile calorimeter 

TILE cell division scheme 
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Combination across years 

Standard method


