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Based on: Precision luminosity measurements in proton-proton 
collision  at ! = 13TeV in 2015 and 2016 at CMS,
The CMS Collaboration, arXiv:2104.01927v2, Eur. Phys. J. C81 (2021)800 

Outline of the talk:
• Short introduction 
• Luminometers and algorithms used
• Van der Meer’s and other scans results
• Systematic error determination
• How to do physics without knowledge of luminosity? (TOTEM) 



LHC BEAM STRUCTURE:
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RF@LHC system has 35640 “RF BUCKETS”
In each RF bucket  proton bunch may be located, but
if all RF buckets would be occupied then
• Time distance between bunches would be 2.5 ns
• Somehow such a sequence of bunches should be delivered to  LHC 
• Power / power dissipation?
So only one in ten RF BUCKED contains  PROTON BUNCH 

- minus steering bunches; this gives 2808 bunches max for physics
This is PS which decides about beam structure



1024px-Cern-accelerator-complex.svg.png (PNG Image, 1024 × 667 pixels) https://upload.wikimedia.org/wikipedia/commons/thumb/b/ba/Cern-accelerator-complex.svg/1024px...

1 of 1 11/10/2021, 10:30







Luminosity ℒ : (absolute luminosity)
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ℒ$ Sum over all colliding bunches

per bunch crossing 

For head on collisions:
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Some well know ℒ measurements:
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∼ 0.1%, ℒ measurement: Bhabha scattering (+scan vdM)

This formula works not only for Bhabha scattering
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ℒ$ Sum is over all colliding bunches

In the formula ℒ = ⁄& ' ()*+,*- . may refer to:
• Elastic cross section
• Total cross section (optical theorem)

(TOTEM)
• W and  Z production
• … (depending on precision of the predictions)
The LHC beam has a structure (bunches), number of interaction
per bunch xing is large and fluctuates (Poisson), so:
• Luminometers has to be linear in the wide range.
• Luminosity has to be measured separately for each bunch xing



• for good knowledge of the systematic error different 
luminometers as well as different schemes of luminosity 
determination have to be used 

• Precise knowledge of luminosity is profitable:
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All possible SM precision tests, UPC,  ……..

Which devices are used at CMS for luminosity measurement?



• Pixel Cluster Counting – PCC
• Primary Vertex Counting – PVC
• Hadron Forward Occupancy Counting – HFOC
• Pixel Luminosity Telescope – PLT
• Fast Beam Condition Monitor – FBCM/BCM1F, 6.2 ns resolution, 1.8 m 

from xing; distinguish lumi from beam-gas
• DT ( drift tubes for muon system, integrated over bunches)
• Single Bunch Response - SBR
• Radiation Monitoring System for Environment and Safety – RAMSES

ionization chambers at atm. pressure (integrated)
• Beam Position Monitor – BPM ( at DOROS–Diamond ORbit and 

OScillation or at LHC arcs)
• Beam Imaging Method – BIM (by LHCb, based on beam-gas int.)
• Beam Pick-up Timing for eXperiments - +-175 m BPTX
• Bunch Crossing IDentifier – BCID
• Longitudinal Density Monitors – LDM
• Fast Beam Current Transformer -FBCT
• Direct Current Beam Transformer - DCCT





Separate DAQ for HF, PLT, BCM1F +LHC beam related data 

Luminometers:
• Piksel Claster Counting (PCC)

2 ∗ 10% pixels guarantees good linearity even for high 8

8 = 27 in 2016Monte
Carlo !!!



Luminometers (continued):
• Primary vertex counting (PVC)

vertexes with min 11 tracks. Methods fails for large !.
good for vdM method as a crosscheck

• HFOC – FPGA guarantees independent readout (40 MHz) for lumi
measurement (# ADC channels over threshold). 

• Pixel Luminosity Telescope (PLT) 48 sensors located in 8+8 
telescopes. Triple  coincidence required.

• Fast Beam Condition Monitor FBCM/BCM1F.
1.8 m from xing, 6.25 ns time resolution, diamond crystals
separate beam-gas interactions from those coming from xing. 

• DT  data from muon track finder. Low rate, sum over all bunches. 



• Luminometers cd:
• RAdiation Monitoring System for the Environment and Safety

RAMSES – like DT sum over all bunches
Algorithmuses for luminosity determination:
• < "#$%&'()$*&% >=< "#$%&'()$*&%/./0&')10.#/ >< "./0&')10.#/ >

≡< " ⁄#$%&'()$*&% ./0&')10.#/ > 4
average # observables: (hits, tracks, clusters….)
4 – average # interactions per bunch xing (all)
(average over (short) period of time)

to determine instantaneous LHC luminosity we use formula
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Algorytm rate-scaling: (for PCC, PVC, DT, RAMSES )
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Algorithm zero counting: (HFOC, PLT, BCM1F)



Absolute luminosity calibration 
Each luminometer has to be calibrated!!!!
How to do it ?
• On the basis of theoretical calculations and Monte Carlo

but for LHC expected accuracy far from 1% 
• With  van der Meer method

(moving both beams by constant step in opposite directions )
• Beam Imaging Method – LHCb : single beam, beam – gas
• Other auxiliary scanning (Beam Imaging, Length Scale Calibration)
Beams in van der Meer (vdM) method: 0 crossing angle, ~30 bunches, 
(8-9)x1010 protons each, ! ≈ 0.6, &' = 100 !*, optics +∗ ≈ 19 *
AIM: determine Σ/, Σ1 from fits to luminometer rates during scanà ℒ'= 34565789:;:<

&=>? =
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3 scannings performed (and used) for 13 TeV beams (2015, 2016) 

For each vdM scan: 2x25 ↑↓ steps, 30 seconds each, up to distance 
6#$ and back

Beam position measurement: DOROS BPM, LHC arc BPM







!"## - effective area
of beam crossing 
obtained in vdM scan





Systematic effects influencing !"#$ measurements
• Charge  outside bunches

(ghost – charge in neighboring  RF buckets (measured by    
DCCT, FBCT)

spurious –charge in steering bunches (measured by  LHC 
LDM))
• Beam orbit displacement

- orbit flow (DOROS, arc BPM vs nominal position  LHC)
- random orbit changes (single beam measurement)
- difference between CMS vtx measurement and expected          
position according to dipole current (LSC)

• Beam – beam interaction (%∗, beam deviation)











Beam density distribution –factorization?
Beam Imaging scanning BI
(only one beam is being shifted in x and y)







Corrections coming from different interaction frequency for 
vdM and data taking
• Electronics connected ( T1 – spillover, pedestal)
• Detectors material connected (T2 - afterglow)

ℒ",$%&& ' + 1 = ℒ",+,$%&& ' + 1 − ./0ℒ",$%&& '
./0 ≃ 0.005 567 89:1; − 0.09 567 =99

T2 – influences all bunches.
correction: single or double exponential factor
small correction for vdM, 
for full filling schemes 4(15)% for PCC (HFOC)





Time stability 
• (different pixels area)



• Aa a function of integrated luminosity







How to obtain important results
“luminosity independent” way ?

For example measure elastic and total xsections
at the same time
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The TOTEM Experiment / CMS TOTEM Collaboration



G.Antchev et al. Eur.Phys. J. C (2019) 79:103







TOTEM Collaboration
Eur. Phys. J C 79 (2019) 785

CMS-TOTEM Collaboration
arXiv:2102.06945v1

TOTEM-D0 Collaboration 
arXiv:2012.03981v2

!! → !! #$ !! → !!
DISAGREEMNT!!!
explained by existence of the 

ODERON









A.Breakstone et al., Phys. Rev. Lett. 54,2180 (1985)

ISR/SFM Data



Thank you for your patience !

For more information see Review: 
P.Grafstrom W.Kozanecki. Luminosity determination at proton colliders, 
Progers in Particle and Nuclear Physics 81 (2015) 97-148



Backup



Luminosity 
with 
precision 1.7%



With vdM method strategy is the following:
• Make scanning to measure ℒ"
• Knowing ℒ" and rate (< $%"&'()*"+'& >)at given 

luminometer find .)/& for this luminometer
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it’s error will define accuracy for future luminosity measurements
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Emittance can be defined as the smallest opening you can squeeze the beam through, and can also be 
considered as a measurement of the parallelism of a beam.
It has units of length, but is usually referred to as "length x angle", for example, "millimeter x milli-
radians". It can be measured in all three spatial dimensions. The dimension parallel to the motion of the 
particle is called the longitudinal emittance. The other two dimensions are referred to as the transverse
emittances.

The amplitude function, β , is determined by the accelerator
magnet configuration (basically, the quadrupole magnet 
arrangement) and powering. When expressed in terms of σ (cross-
sectional size of the bunch) and the transverse emittance, 
the amplitude function β becomes(see here):

β = π·σ2 / ε (1)
So, Beta is roughly the width of the beam squared divided by the 
emittance. If Beta is low, the beam is narrower, "squeezed". If
Beta is high, the beam is wide and straight.
Beta has units of length.
Sometimes Beta is referred as the distance from the focus point 

that the beam width is twice as wide as the focus point.

https://www.lhc-closer.es/taking_a_closer_look_at_lhc/0.complex_movement






From Wikipedia….
Odderon
The odderon, the counterpart of the pomeron that carries odd charge parity was introduced
in 1973 by Leszek Łukaszuk and Basarab Nicolescu.[2] Odderons exist in QCD as a compound
state of three reggeized gluons.[3] Potentially theorized in 2015.[4]It was potentially observed
only in 2017 by the TOTEM experiment at the LHC.[3] This observation was later confirmed in 
a joint analysis with the DØ experiment at the Tevatron and appeared in the media as the 
particle's discovery in March 2021.[5][6][7][8][9][10]







Luminous region 
evolution (3 dim.) 


