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Luminosity ~constant

Beams head-on; no more 
levelling possible

Basic luminosity definitions
• Luminosity relates the cross section, , of some process, , to its production rate, : 

• Crucial input to cross section measurements - of LHCb results (e.g. [JHEP 06 (2023) 22], [JHEP 07 (2022) 26])


• At LHCb, online luminosity used for levelling throughout each fill


‣ Beams offset at start of fill then gradually brought together

σc c Rc

∼ 15 %

2

ℒint. =
1
σc ∫ Rc(t)dt

Online luminosity 
uncertainty⇒ ≲ 10 %

https://link.springer.com/article/10.1007/JHEP06(2023)022
https://link.springer.com/article/10.1007/JHEP07(2022)026


Relative luminosity measurements
• Measure rates proportional to  without absolute calibration


• Provide online luminosity during data taking


‣ Runs 1 and 2: calo 


‣ Run 3: PLUME (backup hierarchy W.I.P.)


• Provide counter rates for offline calibrations and propagation to ‘physics’ luminosity


• LogZero method historically used at LHCb:


‣ , assuming Poisson statistics


‣ For Run 3, potentially shift to Linear or PGF (generalisation of Linear/LogZero) 
method

ℒ

ET

μc = − log(P(0)) = − log(nempty/ntotal)

μ × 5 ⟹

3

(P(0) =
μ0

c exp(−μc)
0! )



The LHCb upgrade for Run 3

4

New upstream 
(silicon) and 
downstream 

(scintillating fibre) 
trackers

New RICH mechanics, 
optics, photodetectors

+ New frontend 
electronics and 
DAQ for all sub-

detectors

SMOG2 cell for 
beam-gas imaging 

and fixed target 
physics 

LHCb: forward arm 
spectrometer, with excellent 

tracking and PID 
performance

+ Fully software 
trigger at 40 MHz 
on GPUs + CPUs

[J. Phys.: Conf. Ser. 878 012012]

3.4 Detector design and integration

The two cross-shaped aluminium structures, placed one behind the other, corresponding
to two hodoscope planes, serve to support 24 modules each. The detector arrangement in
the mechanical supporting structure is illustrated in Fig. 14 with side and beam views. An
example of signal and bias cables connected to the rear side of one elementary detection
module and the fiber connected at its front side is shown.

Figure 14: PLUME detector arrangement, (left) side and (right) beam views. Cable and fiber
routing for one elementary detector module is shown.

The detector box is divided into A and C side parts and is mechanically protected
from outside by a grid, which is common to VELO, SMOG2 and PLUME detectors. Grid
elements can be removed to access the elementary detectors. A patch panel for cables
and optical fibers is located below the detector. The PLUME detector box will be fixed
to the wall by the means of two aluminium supports as shown in Fig. 15.

The integration of the PLUME detector in LHCb takes into account the neighbouring
systems, in particular VELO, SMOG2 and BCM, and the infrastructure of these systems,
the beam pipe and the vacuum system. In the downstream direction, compatibility with
the VELO, the new SMOG2 system, and the eventual VELO maintenance procedure has
been taken into account. Towards the IP, the envelope is restricted on side A by a cable of
the residual gas analyzer (RGA) of the VELO vacuum system. In the upstream direction,
a compatibility with the BCM detector system is required. A 128mm clearance towards
the RB84 wall is ensured in the PLUME design. Moreover, the BCM mechanical support
will be redesigned with two frames allowing an extraction of the BCM modules to ensure
the e�cient access. The bakeout of the beam pipe is also taken into account.

The geometrical envelope of the PLUME detector ranges between z = �1485mm and
z = �2085mm along the beam axis as shown in Figs. 16 and 17.

Other technical details are discussed in Ref. [20].
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New VELO

pixel 

sensors
r, ϕ →PLUME (PMTs) 

for luminosity 

Figure 32: Minimum aperture for all studied scenarios. A 0.1 mm o↵set due to orbit drifts is assumed.
The figure is from Ref. [28] while the vertical red line, representing the storage cell edge, has been added
by the authors of this document.

Figure 33: Side view of the storage cell inside the VELO vessel.

below. The additional contribution to the low frequency broadband impedance due to the
SMOG2 setup is found to remain small compared to that of the VELO7. As a consequence,

7 https://indico.cern.ch/event/765714/contributions/3178582/attachments/1736779/2809412/
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* Not to scale

*

*

https://iopscience.iop.org/article/10.1088/1742-6596/878/1/012012


The PLUME detector

• PLUME is located upstream of the VELO and it is composed of 48 PMTs
• PMTs organized in 24 projective pairs pointing to the interaction area
• Coincidence between two PMTs are used to count collision events
• DAQ system based on CALO FEB boards
• PLUME is a collaboration between CERN-LHCb, EPFL (Lausanne, CH), 

INFN and University of Bologna (Italy), IN2P3 IJCLAB (Orsay, France), 
LLR (Palaiseau, France), TSNUK (Kyiv, Ukraine), ISMA (Kharkiv, Ukraine) 3

3.4 Detector design and integration

The two cross-shaped aluminium structures, placed one behind the other, corresponding
to two hodoscope planes, serve to support 24 modules each. The detector arrangement in
the mechanical supporting structure is illustrated in Fig. 14 with side and beam views. An
example of signal and bias cables connected to the rear side of one elementary detection
module and the fiber connected at its front side is shown.

Figure 14: PLUME detector arrangement, (left) side and (right) beam views. Cable and fiber
routing for one elementary detector module is shown.

The detector box is divided into A and C side parts and is mechanically protected
from outside by a grid, which is common to VELO, SMOG2 and PLUME detectors. Grid
elements can be removed to access the elementary detectors. A patch panel for cables
and optical fibers is located below the detector. The PLUME detector box will be fixed
to the wall by the means of two aluminium supports as shown in Fig. 15.

The integration of the PLUME detector in LHCb takes into account the neighbouring
systems, in particular VELO, SMOG2 and BCM, and the infrastructure of these systems,
the beam pipe and the vacuum system. In the downstream direction, compatibility with
the VELO, the new SMOG2 system, and the eventual VELO maintenance procedure has
been taken into account. Towards the IP, the envelope is restricted on side A by a cable of
the residual gas analyzer (RGA) of the VELO vacuum system. In the upstream direction,
a compatibility with the BCM detector system is required. A 128mm clearance towards
the RB84 wall is ensured in the PLUME design. Moreover, the BCM mechanical support
will be redesigned with two frames allowing an extraction of the BCM modules to ensure
the e�cient access. The bakeout of the beam pipe is also taken into account.

The geometrical envelope of the PLUME detector ranges between z = �1485mm and
z = �2085mm along the beam axis as shown in Figs. 16 and 17.

Other technical details are discussed in Ref. [20].
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5

Probe for LUminosity MEasurement
[CERN-LHCC-2021-002]

• New for Run 3 - dedicated luminosity sub-detector!


• Design:


‣ Hodoscope of 22 PMT pairs (+2 for timing) around the upstream beam-pipe


‣ Detect Cherenkov radiation produced by particles traversing quartz tablet


‣ Readout with calorimeter electronics


‣ Radiation hard  time-stability of counters


• Purpose:


‣ Online luminosity for levelling (  precision, 3s integration time)


‣ Stable counter(s) for absolute calibrations (  precision)


‣ Fast (  ps) timing  monitor LHCb/LHC clock shift, beam 2 bunch 
structure measurements


⇒

≤ 10 %

∼ 1 %

∼ 100 ⇒

5

https://cds.cern.ch/record/2750034?ln=en


Counters

 14Elena Dall’Occo

why do we need so many counters?  
• we can store as many as we like in the nano-events and they are crucial for stability 

cross-checks and systematics evaluation

what’s in for you? 
• excellent measure of the performance of the detector 
• long-term stability control: 
‣ online in Run 3 we plan to have monitoring comparing the various counters 
‣ offline for ultimate precision at < 1% 

• absolute comparison of performance across all years, guaranteed by Van der Meer scans

Example from Run 2

Run 1,2 lumi-counters:
Velo N tracks and N vertices (best)
L0: N hits in Velo PU, N hits in SPD, CaloEt (used online), N muons

After "stabilization" by logZero and
correction for efficiency dependence
on z(IP), the ratio

µ(N Tracks � 2)
µ(N VX � 1)

has the best accuracy at LHC
(ATLAS/CMS suffer from high µ).
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RMS of lumi-weighted histogram µ(N Tracks�2)
µ(N VX�1) across all good 13 TeV runs is 0.08% !

Vladik BalaguraLLR, CNRS, École Polytechnique, Institut Polytechnique de ParisOffline luminosity, selection of lumi-counters for Run 3 16 Feb 2021 5 / 6

RMS = 0.08%

21/01/2022

Luminosity counters
• Every sub-detector can be a luminosity counters 

‣ Stable ratios give confidence in time-stability and -linearity


• Requirements:


‣ Linear scaling with 


‣ Stable in time


‣ No dependence on LHC filling scheme etc


‣ (Optionally) reasonable fraction of empty events for LogZero 
method

μ

ℒ

6

VELO tracks, 
vertices, clusters

SciFi 
clusters ECal ET

Muon hits

VELO track/vertex 
counter ratio for entire 

Run 2 - extremely stable!

(+ many more)

PLUME ADC 
counts, rates RICH hits



• Physics luminosity propagated from absolute calibration measurements:

ℒint. =
μc

σc
× ncrossings

7

Absolute luminosity measurements

Relative luminosity from 
LogZero (or Linear/PGF)

Absolute calibration: van der Meer (vdM) 
or beam-gas imaging (BGI)


Special conditions fill  once per year, 
per , per beam type (pp, pPb, etc)

∼
s

Integrated luminosity per 
colliding bunch pair



−2

0

2

−2 0 2
∆X / σX

∆Y
 / 

σ Y

Turn
1
2
3
4
5
6
7
8
9
10

Absolute calibration: vdM
• van der Meer principle: scan beams across one another to integrate out bunch profiles


‣ Cross section given by integral of  across the ( )-plane


‣ Bunch populations from LHC instruments


• 2D scans pioneered at LHCb in Run 2


‣ Allows to fully control bunch shape non-factorisablility, 


‣ Expect to be more widely adopted in Run 3


• Dominant systematics: beam-beam effect, beam drifts, non-factorisability


• Precision: at LHCb in Run 1 [JINST 9 P12005]

μc/N1N2 Δx, Δy

ρ(x, y) ≠ ρ(x)ρ(y)

1.47 %

8

σc = ∫
μc(Δx, Δy)

N1N2
dΔxdΔy

Original proposal (1D): [CERN-ISR-PO-68-31]

2D generalisation: [CERN-pp-Note-38]

2D implementation: [V. Balagura, LumiDays 2019]

[LHCB-FIGURE-2022-012]

First absolute calibration with PLUME @ 
 TeVs = 0.9

https://iopscience.iop.org/article/10.1088/1748-0221/9/12/P12005#:~:text=Applying%20the%20calibration%20to%20the,a%20bunched-beam%20hadron%20collider.
https://cds.cern.ch/record/296752?ln=en
https://cds.cern.ch/record/1025746/
https://indico.cern.ch/event/813285/contributions/3406097/attachments/1854560/3047143/Non_factorization_in_LHCb_2D_vdM_scans.pdf
https://cds.cern.ch/record/2813388?ln=en


Run 3 preliminary vdM results
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Preliminary fit
• Mu.inst counter — bb-be-eb subtracted in ECS


• 1D (XY) cross-sections:











• 2D (+ corresponding XY):








• Cross-section to apply (first 2D):


 (previously )


• New factor 


- To check with Federico

σXY
1 = (3.58 ± 0.02stat) mb

σXY
2 = (3.67 ± 0.02stat) mb

σXY
3 = (3.80 ± 0.02stat) mb

σ2D
1 = (3.65 ± 0.01stat) mb

σ2D
2 = (3.63 ± 0.01stat) mb

σonline = 3.65 mb 4.79 mb

μ(LHCb)/μ(PLUME) ≈ 17.038
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• Absolute luminosity measurement at LHCb at 13.6 TeV! 

• Results from PLUME analysis of November 2022 vdM scans


‣ Several counter options: PMT pair coincidences (shown), average ADC counts, single PMT rates


• Linearity of each counter with  under study - counters taken at full crossing rate (  kHz)!


• Analysis of other counters ongoing


• Emittance scan (per-fill small vdM) machinery in place; commissioning ongoing

ℒ 22 × 11.245



Absolute calibration: BGI
• Reconstruct beam profiles using beam-gas interactions


• Relating luminosity to beam parameters:


• Overlap integral assuming Gaussian bunches:


ℒ = ncrossings × N1N2𝒪 ⟹ σc =
μc

N1N2𝒪

𝒪 =
e−Δx2/2Σ2

x e−Δy2/2Σ2
y

2πΣxΣy
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(𝒪 = ∫ ρ1( ⃗x)ρ2( ⃗x)d ⃗x)
New from Run 3 with 

SMOG2 cell

[JINST 9 P12005]
• 2D fits allow for modelling non-factorisability (  effect)


• New regime with SMOG2: beam 1 statistics  beam-beam 
statistics


• Dominant systematics: measurement spread, vertex resolution

𝒪( % )

≈

Bunch offsets

Bunch widths

https://iopscience.iop.org/article/10.1088/1748-0221/9/12/P12005#:~:text=Applying%20the%20calibration%20to%20the,a%20bunched-beam%20hadron%20collider.


6 Interface with LHC

The installation of an opening narrow Aluminum tube of 5 mm inner radius inside the VELO
vessel near the detector boxes requires a careful check for potential risks related to:

• aperture required for the beam;

• impedance of the system of wake field suppressors (WFS) and possible heating and beam
instabilities;

• electron cloud and ion build-up phenomena.

An additional important aspect to be considered is the impact of the SMOG2 gas target on the
beam lifetime. These issues are analyzed in the following sections.

6.1 Aperture requirements

The upgraded VELO detector [8, 9] has a minimal distance of nominally 3.5mm from the beam
axis, an aperture that is considered safe in the expected (HL-)LHC conditions of Run 3 and
Run 4 [27]. For the proposed implementation of the SMOG2 storage cell, it is worth noting that,
assuming a symmetric envelope with respect to the interaction point (IP), the downstream edge
of the VELO always approaches the beams more closely than the upstream part of the storage
cell, as depicted in Fig. 30.

Figure 30: Side view of the SMOG2+VELO system. The coordinate with respect to the IP and the
radius if the extreme apertures are reported. The beam enters from the left side.

A front view of the VELO area alone is shown in Fig. 31 (left), while the configuration with
the target cell installed, and in open position, is shown in Fig. 31 (right). A circle with a radius
of 50mm has been drawn in order to visualize the maximum required aperture of the LHC

30

SMOG2 storage cell
• System for Measuring Overlap with Gas (SMOG) developed for luminosity in Run 2


‣ Demonstrated possibilities for fixed target physics at LHCb


• New for Run 3: SMOG2 gas storage cell


‣ Two halves  open and close with VELO


‣ Possible to inject H2, D2, He, N2, O2, Ne, Ar, Kr, Xe


• Gas areal density increased by order of magnitude from SMOG


‣ e.g.  atoms / cm  for He 

⇒

∼ 5.6 × 1011 → 6.0 × 1012 2
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First successful injection (Ar) in 
closed cell on 1/11/23!

Already
higher fixed target 

luminosity than 
SMOG

∼ 5.5 ×

[CERN-LHCC-2019-005]

LHCb

VELOSMOG2

Collision 
region

https://cds.cern.ch/record/2673690/files/LHCB-TDR-020.pdf
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Background

• LHCb operating as both colliding and fixed target 
experiment


• Successful commissioning programme with Ar, H2, 
and He injections


• Successful injections for November 2022 vdM ghost 
charge measurements (next slide)


SMOG2 commissioning
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[LHCB-FIGURE-2023-001]

Two simultaneous 
interaction regions!

[LHCB-FIGURE-2023-008]

https://cds.cern.ch/record/2845444?ln=en
https://cds.cern.ch/record/2859158


November 2022 ghost charge measurements
• Bunch populations ( ) from LHC transformers crucial for absolute  

for all LHC experiments


• Ghost charge: circulating in LHC, outside filled bunch slots (25ns)


‣ Measure at LHCb using beam-gas interactions in non-colliding crossings


• Satellite charge: in filled bunch slot, outside filled RF bucket (2.5ns)


‣ 100 ps timing with PLUME  possible at LHCb for beam 2 in the future


N1, N2 ℒ

⇒
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[CERN-ATS-Note-2012-029]

[LHCB-FIGURE-2023-003]

Good agreement between 
LHCb and BSRL (LHC)

https://cds.cern.ch/record/1427728?ln=en
http://cds.cern.ch/record/2852922/


Summary
• LHCb: almost entirely new detector for Run 3


‣ New 40 MHz fully software trigger


‣ PLUME (dedicated luminosity detector) and SMOG2 (gas storage cell) successfully 
commissioned


• First vdM calibrations at 13.6 TeV


‣ Full suite of counters implemented, further analysis ongoing


• New for Run 3: Emittance scans to test linearity to higher physics 


• Luminosity providing some early Run 3 LHCb results:


‣ First absolute calibration with PLUME


‣ November 2022 ghost charge measurements

μ
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Backup material
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Emittance scans
• New at LHCb for Run 3: emittance scans every fill 

‣ Already common at other LHC experiments


‣ Check linearity of counters to physics conditions (  - higher )


‣ Check time-stability of counters


‣ Machinery in place; commissioning still ongoing


• Scan one axis with other offset, then switch and repeat


‣ Too high luminosity at head-on

∼ 5 10 × μ
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