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Precision luminosity evaluation is an essential ingredient to cross section measurements at the
LHC, needed to determine fundamental parameters of the standard model and to constrain or
discover beyond-the-standard-model phenomena. The latest luminosity-related results of the
CMS experiment are reported. The absolute luminosity scale is obtained with transverse beam-
separation “van der Meer” scans, and the systematic biases are studied in detail using innovative
methods. Contributions to the uncertainty in the integrated luminosity due to instrumental effects,
including the linearity and stability of the detectors, are also discussed. Constraining the luminosity
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1. Introduction

In particle collider experiments the luminosity is a fundamental quantity for relating experimen-
tal observations to theoretical predictions and for comparing results among different experiments.
It is also the leading systematic uncertainty in the most precise Standard Model cross section
measurements at the LHC.

Luminosity is measured making use of the fact that the rate of any interaction scales linearly
with the instantaneous luminosity. As a consequence, the rate of physics processes, as well as
the hit rate, occupancy or the deposited energy in selected detector modules can be used for
luminosity determination. These selected modules are henceforth referred to as luminometers. At
the CMS [1, 2] experiment of the LHC, five (six) online and three (two) offline luminometers were
(are) used in Run 2 (Run 3) [3, 4]. Absolute luminosity requires the careful calibration of these
detectors using the van der Meer (vdM) method [5]. The resulting calibration constant is o5, where
L = R/ojs is the instantaneous luminosity, with R being the rate measured by the luminometer.

In this paper, Section 2 details the recent improvements in estimating the systematic biases
taken into account in this procedure, while Section 3 presents the most recent CMS results, and
finally, Section 4 introduces Z counting as a means to cross-check luminosity measurements.

2. Improvements in estimating systematic effects

The systematic effects taken into account for luminosity measurement are subdivided into
a calibration and an integration group. The calibration sources address biases related to the
measurements in the low pile-up vdM calibration fill, while the integration uncertainties account
for the extrapolation to high pile-up physics conditions (linearity) and the stability of the obtained
calibration over time as well as other possible factors. Tables 1 and 2 show lists of the considered
sources in PbPb and pp (proton-proton) collisions, respectively, while a detailed explanation of each
entry is found in [3, 4]. Here only the most important improvements are discussed.

Non-factorisation describes the fact that the luminosity, when examined as a function of
beam separation, can only approximately be written as a product L(Ax,Ay) = f(Ax)g(Ay) and
hence the vdM method leads to a slightly biased result. The impact of this effect is measured
using two-dimensional rate fits and in proton-proton collisions, the luminous region method is
also applied. New convolution shape and proton density functions resulted in a better coverage of
the possible shapes leading to a biased measurement. The improved fitting procedure employed
in the luminous region method has led to better closure uncertainty as well. The uncertainty of
preliminary results in pp data has decreased to 0.7% [6] from the previous 0.8-2.0% range [4, 7].
The excellent agreement achieved between the two methods in the 2023 dataset, shown in Figure 1,
gives additional confidence in the precision.

The drift of the beam orbits is monitored using dedicated beam-position monitors built into the
LHC. While a first-order linear correction is straightforwardly obtained, a more detailed correction
requires the decomposition of the measured values into the intentional beam movement, the beam-
beam deflection, the cross-talk between the horizontal and vertical position measurements and the
residual orbit drift that could originate from various sources such as magnetic non-linearities.
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Applying this correction decreases the previous uncertainties in the 0.5-0.8% range [3] to below
0.2% in 2022 [4] and 2023 [6].

After applying all corrections in the calibration fill, the impact of the unknown residual effects
is estimated from the scatter of the several recorded vdM calibration scans as well as from the
scatter of the per-bunch results. Detector-related effects are inferred by comparing the integrated
luminosity in the calibration fill as measured by the independently calibrated luminometers.

The long-term stability of the result is determined by examining the ratio of the fully corrected
luminosity as measured by selected detectors throughout the integration period. With several
luminometers reaching an excellent level of reliability, an average detector is created, which shows
improved stability and decreases the uncertainty that is estimated by computing the spread around
the mean, instead of the single best detector.

The linearity uncertainty is established by comparing the final, calibrated luminometer re-
sponses to a linearity reference. In CMS, the Drift Tubes (DT) and the RAdiation Monitoring
System for the Environment Safety (RAMSES) detectors have excellent linearity, however, they can
not be calibrated in the vdM procedure due to their low statistics and orbit-integrated measurements.
The slope of the ratio of the luminosity measured by a luminometer to the reference as a function of
instantaneous luminosity quantifies the residual non-linearity. The slope values are collected into a
luminosity-weighted histogram as shown in Figure 2 and the largest of the mean values multiplied
by the average instantaneous luminosity provides the uncertainty.

3. Recent CMS results

At the ICHEP conference, the luminosity results for the combined Run-2 /s = 5.02 TeV PbPb
dataset were reported for the first time, while a detailed publication is currently in preparation [8].
The uncertainty breakdown is shown in Table 1. The final integrated luminosity comes out to
2.13 + 0.03 nb~! corresponding to an uncertainty of 1.5%. In the 2018 data, the calibration
uncertainty is dominated by the transverse factorization uncertainty, measured using the two-
dimensional rate fit method, while in the 2015 data, which constitutes about 1/4 of the total, a
disagreement between the luminometers in the calibration fill limits the precision.

New luminosity results for the 2023 proton-proton collision data recorded at v/s = 13.6 TeV
were also presented. The uncertainty breakdown is seen in Table 2. Due to the recent improvements
mentioned in Section 2 the derived preliminary total uncertainty at 1.28% is comparable in magni-
tude to previous final uncertainties [3]. The integration and calibration uncertainties contribute to
the total in similar amounts, with factorization, linearity, and stability dominating the final value.

4. Z boson counting

Z bosons decaying to a pair of muons have a very clean signature and a sufficiently large
rate to provide a useful relative luminosity measurement via the number of observed Z— u*u~
events [10]. The precision of an absolute luminosity measurement based on these yields and the
theoretical cross section of the process is limited due to uncertainties related to the latter. A big
benefit of this process is that the trigger and event selection efficiencies can be measured in situ. This
is performed approximately every 20 pb~! to track the operating conditions of the detector. Figure 3
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Source 2015 [%] 2018 [%] Corr
Normalization uncertainty
Bunch population
Ghost and satellite charge 0.3 0.5 Yes
Beam current calibration 0.2 0.2 Yes
Noncolliding bunches
Noncollision rate 0.5 0.2 No
Beam position monitoring
Random orbit drift 0.5 0.1 No
Systematic orbit drift 0.2 0.2 Yes
Beam overlap description
Length scale calibration 0.5 0.5 Yes
Beam-beam effects 0.2 0.3 Yes
Transverse factorizability 1.1 1.1 No
Result consistency
Cross-detector consistency 2.5 0.4 No
Scan-to-scan variation - 0.5 No
Statistical uncertainty 0.2 0.1 No
Integration uncertainty
Detector performance
Cross-detector stability 0.7 0.8 No
Noncolliding bunches
Noncollision rate 0.1 0.1 Yes
Total normalization uncertainty 2.9 1.5 -
Total integration uncertainty 0.7 0.8 -
Total uncertainty 3.0 1.7 -

Table 1: Summary of the contributions to the total
systematic uncertainty of the measured luminosity
for the combined Run-2 /s = 5.02 TeV PbPb

dataset. [8]

Source Uncertainty [%]
Calibration

Beam current 0.20
Ghosts & satellites 0.10
Orbit drift 0.02
Residual beam positions 0.16
Beam-beam effects 0.34
Length scale 0.20
Factorization bias 0.67
Scan-to-scan variation 0.28
Bunch-to-bunch variation 0.06
Cross-detector consistency 0.16
Integration

Cross-detector stability 0.71
Cross-detector linearity 0.59
Calibration 0.89
Integration 0.92
Total 1.28

Table 2: Summary of the contributions to the total
systematic uncertainty of the measured luminosity
for the 2023 proton-proton dataset recorded at a
centre-of-mass energy of Vs = 13.6 TeV. [6]

shows the measured quantities. The Z-counting luminosity is anchored to the classical luminosity

measurement at a low pile-up fill ideally as close in time to the vdM calibration as feasible, where

the effect of the possible non-linearity and instability of the luminometers is negligible

Lhigh-pu =

high-PU

Lhigh-pu,

low-PU

where N7 stands for the measured Z— u*u~ event yield.

With the constant monitoring of the efficiencies, the Z-counting method has excellent linearity

and long-term stability, which allows for a cross-check of the values measured by the luminometers.

For the 2017 dataset, a good agreement is found within the uncertainties.

5. Summary

In this paper, a brief overview of the recent improvements in treating systematic uncertainties

relevant to the luminosity determination procedure at CMS was given.

These improvements

allowed for a decreased total uncertainty in the 2022 and 2023 proton-proton preliminary results.

The combined PbPb luminosity results for the Run-2 dataset were reported for the first time. Finally,

Z-counting was described as a promising independent means for high pile-up relative luminosity

measurement and a tool to cross-check the stability and linearity of traditional luminometers.
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Figure 1: The results of the 2D rate fit method (green) and the luminous region method for a number of
different fit models as a correction to ojs for the 2023 pp calibration fill. The results show an excellent

agreement. [6]
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Figure 2: Distributions of linearity slope values between different luminometers and the DT luminometer
taken as reference (REF). The means and standard deviations of each distribution are shown. [6]
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Figure 3: The measured single-muon efficiency components as functions of time for one LHC fill in 2017:

the muon spectrometer reconstruction efficiency ("Sta|Tra"), the inner tracker reconstruction efficiency
("Glo|Sta"), the muon identification efficiency ("ID|Glo") and the trigger efficiency ("HLT"). The vertical
error bars show the statistical uncertainty in the efficiency. [10]
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