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ABSsTRACT: The data acquisition system of the upgraded LHCb experiment includes the fast recon-
struction of all hits in the vertex locator (VELO) pixel detector at the beam-crossing rate of 40 MHz,
implemented as on-the-fly clustering embedded in the firmware of the readout board FPGAs. The
availability of a high rate of reconstructed clusters in real time enables a new fast approach for
measuring luminosity and monitoring the LHCb luminous region, directly at the detector readout
level. This methodology has been implemented as an array of real-time cluster counters in the VELO
readout FPGAs and has been in operation since the start of the 2024 physics run of LHCb. This paper
describes the methodology and its features and performance, both on proton-proton and lead-lead
collision data. The method shows a statistical resolution better than the percent level, and a sensitivity
to variable running conditions of the same level. This is achieved with an intrinsic time granularity
better than 100 ms, undersampled to 3 s for analysis purposes. Nonlinear behaviour is compatible
with zero in a luminosity range including the LHCb Run 3 operating point.
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1 Introduction

The LHCDb experiment, installed at the Large Hadron Collider (LHC) [1], was primarily designed
for precision tests of CP violation in the decays of heavy-flavour hadrons, and for the study of their
rare decays. Over time, its physics programme has successfully expanded to encompass a broad
range of topics, including quantum chromodynamics, hadron spectroscopy, heavy-ion collisions,
and fixed-target physics [2].

With respect to other LHC experiments, LHCDb is designed to operate at a lower luminosity, kept
constant via a procedure known as luminosity levelling [3]. A reliable real-time measurement of
instantaneous luminosity, with a precision at least as good as 5%, is therefore essential to ensure
correct LHCb operation [4].

In this paper, a new algorithm for the determination of instantaneous luminosity is proposed and
characterised. This algorithm relies solely on detector hits, i.e. low-level information made available
at the very first stage of data acquisition by a new clustering procedure described in ref. [5]. It can run
continuously and independently of the software-based event reconstruction.

The paper is organised as follows: section 2 describes the LHC collider and the relevant features
of the LHCDb experiment, section 3 introduces the concept of luminosity and the methods normally

Throughout this paper, the term event indicates a bunch-crossing event.



used to measure it, section 4 describes how hit counters are implemented to measure luminosity,
and discusses the design choices. Then, section 5 explains how these counters are calibrated using
collision data, section 6 discusses the performance of the method and the possible sources of systematic
uncertainties. Finally, section 7 summarises the findings.

2 Experimental context

The LHC is the highest-energy proton-proton (pp) collider in the world, also capable of colliding
heavier nuclei, e.g. lead ions (Pb). It is a radio-frequency machine where each beam is divided into
3564 bunches. During the 2024 nominal running conditions for pp collision physics, 2133 bunches
were colliding at the LHCb interaction point, each one containing up to about 1.6 x 10'! protons [1].

The LHCDb detector underwent a major upgrade in view of the ongoing LHC Run 3 [6], to support
a fivefold increase of instantaneous luminosity compared to the previous running periods, i.e. a target
luminosity of £ = 2 x 1033 cm™2s™!, corresponding to 2000 Hz/ub. The new detector is able to
reconstruct events at a rate of 40 MHz and its finer granularity allows for smooth operation with
increased event multiplicity. The tracking system has been completely replaced. In particular, a
new silicon pixel VErtex LOcator (VELO) acts as the tracking detector closest to the pp interaction
region [7]. The VELO is placed in a vacuum box that locally replaces the LHC vacuum pipe. It
consists of 26 detector layers placed at different z positions surrounding the luminous region, where
the z axis lies along the beamline and its origin lies within the VELO. Each layer is composed of two
modules, which can move horizontally as far as 25 mm and as close as 5.1 mm from the beam axis.
This design ensures detector safety during the beam injection phase as well as optimal performance
when the beams are set up for physics data taking. Modules are made of 4 hybrid silicon pixel sensors,
each read out by 3 ASICs with a 55 um x 55 wm pitch [7]. At the upstream edge of the VELO detector,
a new system for fixed-target physics, SMOG?2 [8], was installed in the context of the upgrade. It
consists of a 20 cm-long aluminium storage cell in which various gases can be injected to enable the
concurrent acquisition of both pp (PbPb) and p-nuclei (Pb-nuclei) collision events.

The readout electronics of all subdetectors have been overhauled for Run 3. Data collected at every
bunch crossing are propagated from front-end (FE) to back-end (BE) electronics through radiation-
tolerant optical links. Custom PCI-express BE boards (PClIe40) are mounted in computer servers [9].
These boards contain an Intel Arria-10 GX 1150 FPGA [10] whose firmware can be configured either
for data acquisition (TELL40) or control (SOL40 and SODIN). The experiment control system (ECS)
allows the user to communicate with several components of the DAQ, including the SOL40, TELL40
and FE boards, the power supplies and the environmental monitors [6, 11]. The TELL40 boards
decode, preprocess and format the data for transmission to the event building computing farm.

The upgraded LHCb experiment makes use of a triggerless readout architecture [12, 13]. The
entire readout chain, from FE to the processing farm, is controlled by the Timing and Fast Control
(TEC) system [6]. The TFC uses the LHC filling scheme to start the DAQ process at all colliding bunch
crossings and on a subset of the noncolliding ones. For each bunch crossing selected by the TFC,
data from each sub-detector are assembled into event fragments, and then gathered together for event
processing. For each event, detector information is used to create higher-level objects. The process
of reconstruction and data filtering happens in two software-based trigger stages, HLT1 and HLT?2,
where high-level physical quantities such as particle tracks and collision vertices are reconstructed
and made available for both real-time and offline analysis [6].



By design, LHCD operates at a levelled luminosity [3], kept at a lower value with respect to
ATLAS and CMS. To achieve this, the LHC beams colliding at LHCD are steered based on real-time
luminosity feedback from the experiment. In Run 3, the LHCb luminosity levelling strategy requires
a precision of at least 5% on the measurement of instantaneous luminosity [4]. In the Run 1 and
Run 2 data-taking periods, the activity in the LHCb calorimeter was used to measure the instantaneous
luminosity, using hence information available at the first stage of the trigger (L0O), implemented in
hardware. In Run 3, following the removal of the LO trigger stage, new methods have been introduced
to monitor luminosity. A dedicated detector, Probe for LUminosity MEasurement (PLUME), has
been designed and installed for this purpose [4], and several other quantities, either available at
the detector readout level or computed in HLT1, are used as real-time luminometers. A method
using hit counting in the muon system has been studied with Run 2 data [14]. A metal-foil based
detector, the RMS-R3, is used to monitor beam and background conditions continuously during LHCb
operation, and, when calibrated on PLUME, it can be used to monitor luminosity in real time [15].
The two ring-imaging Cherenkov (RICH) detectors, used for particle identification, have also proved
capable of providing real-time luminosity measurements using both MaPMT anode currents and hit
counting [16]. The availability of independent luminosity measurements is important in order to
maximise the reliability of the luminosity-levelling feedback, as well as to use them for cross-calibration
in measurements of both instantaneous and integrated luminosity. The possibility of using VELO hits
reconstructed in real time to measure luminosity [17] has the additional potential of producing an
accurate measurement with a fast time response. This new method has been implemented, and it is
described in this paper. The algorithm, presented in detail in section 4, is developed around two core
components. The first one operates on the TELL40 boards, running in parallel with standard data
taking and leveraging the new readout architecture to continuously process all collision data. The
second one is integrated into the ECS software, where it performs continuous luminosity monitoring
based on the data processed at the readout level.

3 Luminosity determination

The luminosity measurement can be performed by counting the average number of detected occurrences
per bunch crossing pyis of a given reference process [18]. Given the visible cross-section ov;s of the
considered process, the average luminosity at the collision point is expressed as
Hvis
L= fNopb —, (3.1

Ovis

where f = 11.245kHz is the LHC revolution frequency and Npp the number of colliding bunches. The
per-bunch instantaneous luminosity is obtained by measuring ftis over only one bunch-crossing pair.

Any physics process producing a signal in a detector can provide a suitable reference for luminosity
determination. Measuring the rate of such a process allows to monitor the luminosity. However,
the performance of different proxies for luminosity monitoring depends on factors such as noise,
resolution, linearity, dynamic range, long-term stability and response time. A reliable real-time
luminosity estimator can be obtained by taking a quantity that is stable in time and proportional to
the luminosity itself, and averaging it across all colliding bunches. Taking such an average will be
referred to as average method in the remainder of this paper.

Depending on the characteristics of the counter, saturation effects and nonlinearities may arise,
especially in conditions of high luminosity, as well as detector instabilities. One way to mitigate



saturation effects is by assuming Poisson statistics, and only counting the number of empty events.
The number & of visible interactions per event follows a Poisson distribution with mean g5, and thus
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where P (0) is the fraction of empty events recorded for the given luminosity counter. This method
of measuring pis, hereinafter referred to as the log0 method, also known as zero-counting in the
literature [19, 20], is better suited for small-acceptance luminometers, but can become biased and
lose statistical precision if the number of empty events becomes too small.

4 VELO-hit luminosity counters

Quantities measured by silicon vertex detectors have been shown to provide precise, reliable and stable
luminosity measurements. In Run 1, the best LHCb luminosity monitor was found to be the number
of VELO tracks per event [20]. Counting the number of reconstructed collision vertices, the total
number of VELO hits, or the total number of active pixels are also viable methods. Similarly, the
CMS collaboration has successfully performed a precise measurement of the integrated luminosity
using offline-reconstructed pixel-cluster counters from the CMS inner tracker [21].

Counting particle hits, reconstructed as clusters of neighbouring pixels, offers a better proxy
for luminosity than counting raw pixels, being more directly related to the physics processes and
more robust with respect to variations of the detector response due to radiation damage or changes of
operational settings. However, clustering neighbouring active pixels into particle hits may potentially
lead to a saturation effect due to the physical overlap of hits on the detector sensor. The capability of
individually resolving hits depends on the pixel pitch. Studies based on pseudoexperiments, under
the empirically verified assumption that the hits on the VELO sensors are distributed as =2, where
r is the radial distance from the beam axis, show that the rate of merged hits is well described by a
power-law f(r) o r=3. At the design Run 3 luminosity, for » > 11 mm, merged hits on the VELO
are less than 0.5%. This effect can therefore be made negligible by measuring the luminosity at
an appropriate distance from the beam axis.

In the upgraded LHCDb detector, with the introduction of real-time clustering on the VELO readout
boards [22], it becomes possible to look at particle hits within the readout boards themselves. A
two-dimensional (2D) clustering algorithm embedded on the TELL40 boards makes use of spare
FPGA resources not used by the readout firmware [5]. It produces a list of reconstructed hits, each
characterised by the x, y coordinates of its centroid, and by the shape and size of the cluster, as
well as quality flags. The list of reconstructed hits is assembled into event data and transmitted to
the event-building server, where raw information from different subdetectors is gathered together
before being processed by the HLT1 trigger stage. Thanks to the triggerless readout, all data are
processed at every bunch crossing, making about 10!! hits/s available to perform measurements
in real time, such as luminosity.

A set of cluster counters has therefore been added to the VELO TELL40 FPGA firmware [22].
For each of the 26 layers of the VELO, four inner and four outer accumulation regions are defined,
i.e. one on each sensor, with the arrangement shown in figure 1 (left). This amounts to a total of
208 counters. The inner counters lie at about 14 mm from the beam axis, while the outer ones at
about 26 mm. Once calibrated, each counter provides a luminosity measurement; these measurements
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Figure 1. (Left) Accumulation regions over the VELO sensors, where each square corresponds to one ASIC,
and three ASICs read out one sensor. (Right) Schematics of the FPGA implementation of the luminosity
accumulators. The input data are the reconstructed clusters for each event and the TFC word carrying the
bunch-crossing type and identifier. The central block selects the clusters located within the accumulation
regions, and performs the counting. The counts are then either averaged in a running mean, or simply stored, as
explained in the text.

can be combined as needed to provide a single measurement. The accumulation regions chosen
for this work have been verified to preserve linearity with respect to instantaneous luminosities up
to five times the LHCb Run 3 working point [23].

At each event, the clusters recorded within the accumulation regions are counted. Four collision
types can be identified, based on the LHC filling scheme and on whether both colliding bunches are
filled with protons. If both are filled, it is a beam-beam (bb); if neither, empty-empty (ee). When
only one bunch is filled with protons, the collision is either beam-empty (be) or empty-beam (eb),
depending on which of the two beams has the filled bunch. Each pair of colliding bunches, whether
filled or not, is classified with a bunch-crossing identifier (BXID) ranging from 0 to 3564. Cluster
counting is performed in two ways: separately per BXID, or averaged per collision type. The latter
method uses a running mean to average over multiple events. The right-hand side panel of figure 1
shows an overview of the data flow within the relevant firmware blocks.

For each accumulation region i, the following types of accumulators are implemented in firmware:

® qaverage counters c;, i.e. number of reconstructed clusters accumulated in the region 7, separately

for each bunch-crossing type: cll?b, c‘l?b, c?e and c¢;*;

e Jog0 counters z;, i.e. number of events where no clusters are found in the region #, separately for

each bunch-crossing type: z?b, z?b, z?e and z:°;

e per-BXID counters z;;, i.e. number of events where no clusters are found in the region 7,
separately for each BXID j among the 3564 composing the LHC orbit.

Among the accumulators presented in this paper, the average-method ones are chosen as main
luminosity estimators, and are combined into a single global estimator as discussed in section 6. Due
to its robustness against saturation effects, the log0 method is used instead as a cross-check to assess
the linearity of the average estimators. Indeed, the log0 method is strongly based on the assumption
that the number of actual hits, whether detected or not, follows a Poisson distribution. This is well
verified when colliding bunches are taken individually. While saturation effects or hit inefficiencies do
not affect the log0 method, any widening of the parent Poisson (for instance, due to varying expected



number of hits) can introduce significant biases. This happens when the log0 counters are accumulated
over several BXIDs. In this case, the number of interactions is no longer distributed according to a
Poisson function, but rather as the superposition of several independent Poisson distributions with
different means, for which eq. (3.2) no longer holds. For this reason, the average counters are preferred.

The per-BXID accumulators use the log0 method because of the limited availability of FPGA
resources. The implementation of per-BXID accumulators in the firmware requires the usage of RAM
blocks to store the value of each BXID uyis. In order to avoid excessive memory resource usage,
the RAM words are 20 bits long. If these counters used the average method, it would be technically
possible for them to go out of range even when integrating less than 22° ~ 10° events. Using the log0
method, the accumulator value is at most equal to the number of integrated events, preventing the
accumulator from overflowing. Also due to the limited availability of FPGA resources, the log0 and
per-BXID accumulators have been implemented only for the 104 outer accumulation regions.

For the average and log0 accumulators, a running mean £ is computed by counting hits over a fixed
number of events N at each step ¢, then averaging the most recent counter value x with the previous
value of the running mean, weighted by factors A and 1 — A, respectively, as’

XAI = /1)21‘_1 + (1 —/1))(:1‘. (41)

Pseudoexperiments are used in order to confirm the absence of bias or degraded resolution
in different running conditions, testing both exponentially decaying and levelled luminosity. In
these pseudoexperiments, which take into account the expected occupancy on the VELO sensors
at a given pp luminosity, the hit counts are accumulated at the same frequency of the hardware
implementation, and the running mean is then calculated for varying values of the parameters N and A.
The bias and resolution of the running-mean estimator are computed as the mean value and standard
deviation of the distribution of the relative difference between reconstructed and simulated luminosity.
The first two panels of figure 2 show the resolution and bias on u.is for varying running-mean
coefficients. The integration parameters used throughout the 2024 data-taking period have been
A =0.875 and N = 1024 X Ny, i.e. N is dynamically set based on the LHC filling scheme. This
corresponds to updating the running mean every ~90 ms, i.e. to counting hits over N ~ 2.18 x 10°
bunch-crossing events in nominal conditions for pp physics data taking in Run 3. The running-
mean-based accumulators are read out every 3 s via ECS, while the per-BXID ones require a longer
integration window of about 40 s to accumulate enough data, and are then read out every 3 minutes.
The values of both types of accumulators are stored in a database at every reading and can be used
for later analysis. The reading frequency is driven by the choice of performing real-time analysis
in the ECS software. It could be increased if counter data were streamed through a different data
path and analysed using additional dedicated resources.

The quantities used as luminosity counters are finally calculated in ECS, based on the value
of the firmware accumulators, performing a background subtraction (the ee contribution is added
to avoid double counting [20]):

bb be eb cee
e average method: u% = - — 1 — L 4 ' where the index i runs across the 208

vis,i Nbb Npe Nep Nee
accumulators and Ny is the number of collected events for each bunch-crossing type k;

2The running-mean method is not strictly needed for providing a luminosity measurement. It has been implemented in
order to be as independent as possible from the readout architecture, while at the same time providing accumulators that are
as memory-efficient as possible and with the best resolution.
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Figure 2. (Top left) Relative standard deviation and (top right) relative bias of a running-mean estimator as a
function of the N and A parameters, for a typical occupancy of uyis = 0.1 representative of an inner accumulation
region at nominal Run 3 luminosity. The yellow markers represent the parameters used for pp (upper) and PbPb
(lower marker) data taking. (Bottom) Absolute standard deviation of the running-mean estimator as a function
of s, for different N values and fixed A. The results shown in all three panels are obtained using simulated
pseudoexperiments assuming a scenario of levelled luminosity at the Run 3 working point. Similar results are
obtained assuming a scenario where the luminosity is let to exponentially decay.
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Further pseudoexperiments are used to assess the statistical uncertainty of the running-mean-based
estimators. The results are shown in the bottom panel of figure 2. The standard deviation o (gyis)
on the luminosity counter (s is found to be empirically well described by a square-root law, with
o (fyis) ~ (1 = )y pis/N.

The luminosity counters presented in this paper are implemented in firmware and software, and
come thus with a flexibility not normally available for readout-level counters based on currents or other
detector quantities. By tuning their position, shape, size and integration parameters, the accumulation



regions can be optimised to fit occupancy requirements, bandwidth, and constraints due to the usage
of FPGA resources. In particular, the counters can be tuned to handle a wide dynamic range, from
very low to very high luminosities. This currently requires recompiling the VELO DAQ firmware;
however, dedicated registers to dynamically set the counter shapes and integration windows can also
be implemented. The overall FPGA resource usage for the current implementation amounts to 0.62%
of the 1.15 x 10% logic elements, 2.4% of the 2713 M20K memory blocks and 2.8% of the 1518
digital signal processors (DSP). The M20K memory blocks are used for the per-BXID measurement,
and the DSPs for the running-mean computation.

5 Calibration

The instantaneous luminosity is calculated from uis and ovis as shown in eq. (3.1). Each of the
time-integrated luminosity counters is independently calibrated by measuring the associated visible
cross-section ovjs; each counter thus in principle provides an independent luminosity measurement.’
Two calibration techniques are used at LHCb. One of these, used in Run 1 and Run 2 and also
capable of assessing the rate of beam background [24], is the beam-gas imaging technique [25, 26],
based on the measurement of the overlap integral of the two beams from their shapes. The other
one, historically used at hadron colliders, relies on dedicated data-taking periods called van der Meer
(vdM) scans [27, 28]. The work presented in this paper uses the latter method.

During a vdM scan, o is measured by displacing the two beams with respect to one another in
the plane transverse to the beam direction, recording the rate of visible interactions at each (Ax, Ay)
step, and integrating its two-dimensional profile as

o = // 1o (Ax, Ay) dAx dAy, (5.1)

where p' ;; = tyis/nina, and ny » are the populations of the colliding bunches measured at each step.
The per-bunch intensities are inferred using data from the Fast Bunch Current Transformers (FBCT) [29,
30] normalised with the beam-current measurement provided by the LHC Direct Current Current
Transformers (DCCT) [31]. Under the assumption that the overlap integral follows a Gaussian
distribution, eq. (5.1) reduces to

ovis = 27’ 4;5(0,0) 2,2y, (5.2)

where ' ;(0,0) is the population-normalised uyis value when the beams are not displaced, and
%, and X, are the standard deviations of the scan profile on the x and y axes, respectively, i.e. the
convolved projected widths of the two beams [28, 32].

The visible cross-section is specific to each luminosity counter, and its value and physical
interpretation depend on the counter properties. In the case of the log0 method, o-i?sgo is related to

. . . log0 i .
the inelastic pp cross-section by o> = o™l where & encompasses the geometrical acceptance
vis pp log0
and efficiency of the active sensor surface used as the luminosity counter. Therefore, O'V?Sg can be

interpreted as a physical cross-section. Conversely, in the case of the average method, o-jivsg = ksv;,;el,

where the factor £ is related to the properties of the physical quantity used as the luminosity counter

3The counters are slightly correlated with each other, due to their calibrations all relying on the same measurement of the
beam current as input.
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Figure 3. Snapshot of the pp 2024 vdM scan. (Top) Number of visible interactions p.is as computed from a
randomly chosen subset amounting to 1/3 of all available counters (for display reasons). Each colour represents
a different counter. The rate difference between the inner and outer accumulation regions is clearly visible.
(Center) Global luminosity estimator, obtained via a trimmed mean of all luminosity measurements (see section 6
and figure 6). The tiny luminosity drops visible during the LSC phase, i.e. the last ~40 minutes, are due to the
asynchronous movements of the beams, thus to short periods of time during which the beams were not perfectly
head-to-head. (Bottom) Positions of the two beams, as set by LHC control, as a function of time throughout
the scan.

(in this case, the average number of clusters per inelastic pp collision). Therefore, o ¢ cannot be

vis
directly interpreted as the cross-section of a physical process, but rather as a proportlonality factor
between visible interactions and instantaneous luminosity. As a consequence, 0' and T OgO are not

expected to have the same value, even for the same accumulation region.

Figure 3 illustrates the various phases of the 2024 pp vdM scan. The bottom panel shows the

4

positions of the two beams along x and y during a typical sequence.” The top panel shows the

interaction rate measured by a subset of all available counters.

A full vdM sequence, which requires dedicated beam optics, lasts several hours and it is only
performed once per year, per centre-of-mass energy and beam type [20]. However, luminometer
calibrations can be checked and updated during similar, much shorter emittance scans, which can
be performed in a few minutes at the end of an LHC fill using the same beam optics as in physics
data taking [33]. These scans have fewer steps than a full vdM sequence, due to time constraints,
and have a much higher u.is, which may not be safe against saturation effects.

4A standard vdM sequence in LHCb consists of a first set of one-dimensional scans performed separately along x and y,
followed by a two-dimensional scan in which the beams are simultaneously shifted along both directions, and by another
set of one-dimensional (1D) scans. A third 1D scan is performed, usually with argon injected in the SMOG?2 storage cell,
followed by a length-scale calibration (LSC) during which the beams are shifted head-to-head in order to calibrate the size
of the vdM displacement steps. In the particular sequence shown in figure 3, gas injection was performed between the third
1D scan and the LSC scan.
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Figure 5. Same as figure 4, but performed with PbPb collisions data collected during a dedicated emittance
scan. The us profile shown on the left is narrower than the profile observed in figure 4, because of the different
beam optics used during the emittance scan in PbPb collisions. On the right-hand side panel, the luminosity
units shown are arbitrary, as a quantitative study of the PbPb luminosity requires further work that exceeds the
scope of this paper.

Figure 4 (left) shows the result of the calibration performed using data from the 2024 vdM scan
with pp collisions at centre-of-mass energy /s = 13.6 TeV. The distribution of counter rates is
modelled with a 2D Gaussian probability density function. The cross-section is obtained according to
eq. (5.2). Figure 4 (right) gathers the computed visible cross-sections for all the luminosity counters
introduced in section 4, arranged by the z coordinate of the VELO module on which the selection
region is located. The trend visible in the figure reflects the geometrical acceptance of the VELO [23].
This panel also gathers the luminosity values obtained after the calibration from all of the available
counters. Figure 5 shows a similar calibration for PbPb collisions in 2024. The data used here were
collected during two one-dimensional emittance scans, combined together for the analysis. The
z-dependence of the calculated cross-sections is significantly different with respect to the pp case. The
variation in the acceptance of the VELO modules can be attributed to the electromagnetic processes
that dominate the PbPb cross-section, highly enhanced with respect to pp collisions [34].
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For pp collisions, the calibrated luminosity measurements obtained during the vdM scan, and
shown on top of the right-hand side panel of figure 4, are in good agreement with each other, showing
a relative spread of 0.8%, including inner, outer and log0 counters. Similarly, in the PbPb case,
the calibrated luminosities show a relative spread of 0.9%. Systematic uncertainties associated
with the movements of the interaction region along the z axis, coupled with the beam displacement
on the xz plane, are measured to be ((0.1%) during the calibration procedure. This contribution
is thus considered negligible. Further discussion on the systematic uncertainties can be found in
section 6.7 as well as in refs. [20, 21, 28].

6 Results

Figures 4 (right) and 5 (right) show that the luminosity measurements obtained using the various
counters, even from different VELO sensors, are consistent with each other within about 1%. The 208
counters can be combined into a single and more robust global luminosity estimator. Three statistical
combinations are tested: mean, median and a trimmed mean where the 15% most extreme values on
each side are removed. The performance of these estimators is studied using a sample of data from the
2024 pp vdM programme with an almost constant luminosity. The trimmed mean estimator, shown in
figure 6 (left), is chosen as the main luminometer because of its intrinsic robustness to outliers. The
trimmed mean estimator has a mean value within 0.1% of the arithmetic mean, but a 20% smaller
relative standard deviation, and a more symmetrical shape with significantly reduced tails.

Only the outer average counters are inserted in the trimmed mean. During data taking for physics,
the beam conditions at the interaction point differ from the vdM case in terms of number of colliding
bunches, beam parameters, including e.g. bunch shape and crossing angle, and stability of the luminous
region position [20]. As the sensitivity to such variations decreases as the distance from the luminous
region increases, a suitable choice for the global estimator is to only insert the outer counters in the
trimmed-mean estimator. Other possible choices could be to pick the counters located on the most
upstream and downstream VELO stations, or to construct a distance-weighted estimator. For the sake
of simplicity, hereinafter the performance of the first option is analysed. To corroborate this choice,
figure 6 (right) shows the distribution of the luminosities measured in physics data-taking conditions
by all counters, by the outer counters only, and by those outer counters that are dynamically selected
within the trimmed mean estimator. This comparison uses an example dataset collected during a
short period of time, in which the beam conditions can be assumed to be constant. As expected,
the relative spread of the measurements shrinks when using the outer counters only. Therefore, this
strategy is adopted throughout the rest of this paper.

The global luminosity estimator has been used to measure the instantaneous luminosity at LHCb
throughout the 2024 data-taking period. In the following sections, the performance of this estimator is
discussed and, where relevant, compared to that of the LHCb luminometer PLUME. The statistical
resolution, linearity, and stability in time are presented. The response to gas injection in SMOG2 is
discussed, as well as the consistency of the luminosity counters with respect to each other and to
PLUME. The viability of the method in PbPb collisions is assessed. Finally, possible systematic
effects are introduced and discussed, as well as the remarkably small downtime.
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Figure 6. (Left) Distributions of the luminosity estimators on pp collisions gathered over a 25 minute-long
period of approximately constant luminosity during the 2024 vdM scan. Each entry corresponds to a different
luminosity value, measured every 3 s. In green, the trimmed mean of the counters used as global luminosity
estimator. Overlaid in orange, the distribution of the arithmetic mean of the counters over the same time period.
(Right) Distribution of the luminosity estimates in a 30s time interval during physics data taking, from pp
collisions recorded in July 2024. The dotted histogram gathers data from all available counters, while the
solid blue histogram contains only the outer counters. Overlaid, the red striped histogram shows the resulting
distribution once the threshold for the trimmed mean is applied to the set of outer counters.

6.1 Statistical resolution

An upper limit on the counter resolution is evaluated by acquiring several measurements at — in
principle — the same luminosity.> Figure 6 (left) shows the luminosities measured by the trimmed
mean estimator over a period of 25 minutes of approximately constant luminosity during the 2024 pp
vdM programme. The relative spread of these measurements, o, /u = 0.27%, can be interpreted as an
upper bound on the statistical resolution of the global luminosity estimator. This value is partly due to
the intrinsic statistical resolution and partly to fluctuations of the luminosity itself. Furthermore, it
should be noted that this value has been evaluated at low luminosity during a vdM programme, with
an average occupancy at the level of 1072 clusters per event. In normal physics data-taking conditions,
the higher number of colliding bunches means that the counters integrate more events within the same
time window. This is about 100 times more events, considering the filling schemes used during the
2024 data-taking run. This leads to better statistical resolution. The scaling of the latter with respect to
u, and therefore to the luminosity, has been shown for a single counter in figure 2 (bottom). With the
assumption that the correlation between the counters does not depend on luminosity, one can expect
the same scaling for the global estimator, i.e. a O(10™%) statistical resolution.

6.2 Linearity

Thanks to the high granularity of the VELO detector, the occupancy on its sensors is expected to
have good linearity with respect to the instantaneous luminosity. An intrinsic level of nonlinearity is
expected in high-occupancy scenarios due to the superposition of hits, that cannot be reconstructed as

3 At a particle collider, truly constant luminosity cannot be achieved due to beam degradation: the population of colliding
bunches strictly decreases with time. Luminosity levelling mitigates this effect by acting on the beam optics, but it is by
design not a strictly continuous procedure.
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Figure 7. Analysis of the linearity of the u,js estimators based on VELO cluster counting. The green bands in
the residuals plots show the contribution of the quadratic coefficient evaluated at its central value, as obtained
from the fits, plus/minus one standard deviation. (Left) Estimated ;s versus true number of visible interactions,
for simulated samples in Run 3 conditions. (Centre) Linear relation between the background-subtracted
average-method and log0-method estimators from the same accumulation region during a u-scan performed in
2024. (Right) Linear relation between VELO-hit and PLUME measurements during the same u-scan.

separate clusters if they are not separated by at least one VELO pixel. A small saturation effect is
therefore expected. On the other hand, due to resource usage constraints, the clustering algorithm
used on the VELO readout boards imposes limitations such as a maximum number of pixels per
cluster, and a maximum number of clustering instances [5]. These approximations can make large
clusters partially reconstructed, or split. In the same way, clusters may be split when the allocated
firmware resources are not sufficient to process very crowded events. Cluster splitting can also lead
to nonlinear effects, towards an excess of reconstructed hits.

The linearity of the hit accumulators has been studied in simulation for an average number of
concurrent pp interactions visible in LHCb (pile-up) up to u = 25, as well as in collision data using
a dedicated calibration run, called p-scan, where the pile-up was varied up to ¢ = 7.7. Figure 7
shows the linearity of the luminosity counters considered in this paper. The left-hand side panel
uses simulation to assess the linearity of the background-subtracted ps, as measured by one of
the average-method counters, with respect to the number of pp collisions per event. The level of
nonlinearity is quantified in simulation by the parameter gflilm (u) = (0.11 £ 0.05)%/ u, evaluated
by fitting the measured vs. generated (s relation with a second-order polynomial function, and
evaluating the ratio of the quadratic term coefficient to the linear one. It is not possible to perform the
same study on collision data, as one has no access to the “true” visible number of collisions. One
can, however, compare various estimators for s against one another. As discussed in section 3,
the log0 counters are expected to be insensitive to saturation effects, and are therefore used to
this aim. The central panel of figure 7 compares the average and log0 counters from the same
accumulation region, using collision data from a p-scan. This comparison confirms the linearity
of the average counter, with a relation uj\ilsg = (0.998 + 0.002) ,ulv(;fo. The nonlinearity coeflicient
is found to be compatible with zero: gifg = (0.02 £ 0.22) /uyis. For the maximum value of pyis
recorded during the u-scan, corresponding to a pile-up of approximately 7.7 (significantly higher
than the nominal value of 5.3 for the LHCb Run 3), the relative difference between a quadratic and
a linear regression amounts to (0.3 = 2.0) %. These results are general and their validity extends to
all of the accumulation regions. Finally, figure 7 (right) compares one VELO-hit estimator to the
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number of interactions recorded by PLUME, using data from the same p-scan. A linear relation is
found, with a nonlinearity coefficient of g:]/ P( 1) = (=0.36 = 0.20) %/ u. This results in a maximum
quadratic vs. linear regression difference of (1.0 + 1.3)% at u = 7.7. These results show the good
linear behaviour of the luminosity counters presented in this paper.

6.3 Time stability

Stability throughout data taking is a crucial feature for a luminosity counter. The stability of the
VELO-hit based counters is evaluated by comparing them to the LHCb online luminosity, which
is mainly provided by the PLUME detector [4].

Data from two weeks of operation during July 2024 are used as a test sample to assess the
stability of the counters. During these two weeks, luminosity varied approximately between 1500
and 1700 Hz/ub. Figure 8 shows the ratio of the luminosity measured by the global VELO-hit based
estimator with respect to the LHCb online luminosity, throughout the whole period. The data exhibit
remarkable stability in time. The spread of the ratio across the 2 weeks of operations is 0.5%, and it
shrinks to 0.3% when systematic effects due to the position of the luminous region are corrected for
(see section 6.7). By fitting the distribution of the ratio as a function of luminosity, shown in the bottom
panel of figure 8 (left), with a first order polynomial function, a deviation from collinearity of about
(2.2 +0.2) x 107 (Hz/ub) ™! is measured between the two luminometers, resulting in a maximum
variation of (0.43 + 0.03)% between the lower and upper boundaries of the tested luminosity range.
This variation is less than half of the variation range of the ratio itself, and thus it is not explored further.
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Figure 8. Stability of the VELO-hit-based luminosity estimator with respect to the LHCb online luminosity over
a two-weeks period in July 2024. The absolute value should not be taken as final, as it relies on fine calibration
of the two luminosity measurements that has not been performed for this work. Data are shown before (blue) and
after (red) applying the beam-spot position correction. (Left) Ratio between the luminosity estimators shown
(top panel) as a function of time and (bottom panel) as a function of the measured instantaneous luminosity.
(Right) Distribution of the ratio between the VELO-hit estimator and the LHCb online luminosity measurements,
before and after correction. The effect of the beam-position correction is evident.
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Figure 9. (Left) Number of visible interactions per bunch-crossing type, for one counter, during a part of the
2024 pp vdM programme when argon was injected in the SMOG?2 storage cell around 21:25. The data series in
black represents the background-subtracted counter. The wider spread in the bb contribution, as well as the pyis
slope in the bb and be ones, are due to the movements of the beam during the LSC scan. (Right) Per-BXID
measurement of 1, during a short period of pp collisions in 2024, averaged with a trimmed mean over all
counters as done for the average global estimator.

6.4 Background subtraction and sensitivity to gas injection

During physics data taking, various gases are injected upstream of the VELO in the SMOG?2 cell,
allowing for a wide fixed-target physics programme [8]. Collisions of beam particles with gas can
modify the hit count distribution. These contributions are removed by the background subtraction
formulas from section 4, that make use of separate counters for different collision types. After
background subtraction, a slightly larger spread in the luminosity measurements is expected with
respect to data collected without gas due to statistical fluctuations of the per-collision-type counters.
Figure 9 (left) shows the effect of argon injection on the counters during the 2024 pp vdM programme,
demonstrating the effectiveness of the background-subtraction procedure. The right-hand side panel
shows the measured luminosity as a function of the bunch-crossing identifier during a LHC fill in
physics conditions, with argon injected in the SMOG?2 cell. The be, eb, and ee bunch crossings
have nonzero luminosities, which include contributions from pAr and Arp interactions and beam-
and detector-related backgrounds, respectively.

6.5 Internal and external consistency

The internal consistency of the hit-based luminosity estimator is assessed by considering the spread of
the luminosities measured by the available counters. The left-hand side panel of figure 6 shows the
values measured by all counters for a short period of time during physics data taking. The average
spread of all the average-method counters during the two-week long period considered for this study is
~2.2%, which reduces to about 1% when the 15% lowest and highest values are discarded, as is done
to calculate the value of the trimmed-mean global estimator. The spread of all luminosity counters
during the pp vdM programme of 2024 was 0.8% (figure 4, right-hand side panel). The increased
spread during physics data-taking is not fully understood, but it can be due to various systematic
effects, such as beam-related biases, as discussed above, but also possibly intrinsic detector-related
effects and residual nonlinearities. More details are discussed in section 6.7.
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Figure 10. Instantaneous luminosities as measured by the global VELO-hit estimator and by PLUME during a
13-hour pp LHC fill in July 2024, randomly picked among the dataset analysed in this paper, as well as during a
14-hour fill at target Run 3 luminosity recorded in October 2024. The x axis reports the time since the beginning
of physics data taking in the fill. The sawtooth trend is due to the luminosity levelling procedure. While the
absolute scale of the measured luminosity can only be validated with further analysis, the overlay highlights that
the two measurements show the same trends.

Figure 10 shows a comparison between the LHCb online luminosity and the global luminosity
estimator based on the VELO hits, using data recorded during two pp fills at different luminosities in
July and October 2024. The luminosity levelling steps, as well as the other luminosity fluctuations,
can be precisely tracked by both luminosity estimators, which remain consistent with each other
throughout the fill.

6.6 Lead-lead luminosity measurement

The LHCDb collaboration performs measurements using both pp and heavy-ion collisions. For the
latter programme, lead ions are collided at a centre-of-mass energy of /syy = 5.36 TeV. Just as in
the pp case, a precise real-time monitoring of the instantaneous luminosity is required in order to
operate the LHCb detector efficiently. The PbPb programme offers a unique opportunity to assess
the validity and robustness of the hit-counting method to measure the instantaneous luminosity in
very high-occupancy scenarios, dramatically more crowded than the average pp collision. In fact,
PbPb collisions can have up to ~70 times the amount of clusters found in a pp collision. The FPGA
clustering algorithm used in pp physics suffers from the high occupancy of PbPb collisions. In
order to provide good reconstruction quality in heavy-ion conditions, the algorithm is optimised to
reduce the number of split clusters, improving linearity in very busy events. This is achieved by
exploiting the low interaction rate of PbPb collisions, O (10 kHz), in order to dynamically allocate
more FPGA resources for the handling of busy events.

Hit counters are expected to saturate for high-occupancy events due to the physical overlap of
particle tracks on the VELO sensors. In principle, the log0 method is expected to be better suited for its
robustness against saturation effects. However, due to the very low interaction rate of PbPb collisions
(upvpb ~ 1073), it can be demonstrated that also the average-method counters are still linear with
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Figure 11. Performance during the PbPb programme. (Left) Instantaneous luminosity measured by the global
VELO-hit estimator during a PbPb fill in 2024 without any gas injected in the SMOG?2 cell. The ratio with
respect to the LHCDb online luminosity is also shown, with the purpose of assessing stability in time. (Right)
Per-BXID u,is measurements during a fill with argon injected in the SMOG?2 cell. A significant variation of the
beam-beam luminosity estimates is observed.

respect to the instantaneous luminosity. The probability of more than one PbPb collision occurring in
the same bunch-crossing is extremely low, of the order of 1076, Therefore, saturation in nonempty
events only depends on the intrinsic hit distribution of PbPb collisions, which is itself independent of
the luminosity. Any saturation effect in the hit distribution is accounted for in the calibration phase,
resulting in an average method-based estimator that is with good approximation linear with respect to
the instantaneous luminosity.® As in the pp case, the average method is preferred over log0 due to the
nonuniformity of the bunch populations, which is clearly visible in the right-hand side panel of figure 11.
The left-hand side panel of figure 11 shows the trend of the VELO-hit based instantaneous luminosity
estimator during a PbPb fill without gas injection. The ratio between the VELO-hit based measurement
and the LHCD online one is stable in time throughout the fill, within 2%. A quantitative study of the
PbPb luminosity requires further work both on these counters and on a reference measurement, and it
is beyond the scope of the present work, but the potential of this new method is clear.

6.7 Sensitivity to systematic effects

The distribution of hits on the VELO detector, and thus the related luminosity measurement, can be
affected by several factors, that can be grouped in two main categories.

o Sensor-related effects: local inefficiencies, “hot” pixels and noisy regions of the silicon substrate.
Ageing of the VELO sensors is not taken into account for the results presented in this paper,
which are based on only one year of operation, during which the local inefficiencies have been
very low. However, in the long term, it may have a non-negligible impact in the determination
of the luminosity [21]. Effects of radiation damage on the silicon bulk are monitored during
special scans in which the hit efficiency is evaluated as a function of the bias voltage [35].

Specifically, ;s can be expressed as an expansion where terms beyond the linear one are suppressed by a factor y,
which in PbPb collisions is @ (1073).
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e Beam-related effects: shifts and changes in the shape of the luminous region intrinsically vary
the hit distribution on the VELO sensors.

The net result of these experimental effects must be taken into account, and used to either correct the
luminosity measurement, or infer a systematic uncertainty. Thanks to the use of the trimmed mean,
sensor-related effects are expected to be suppressed: outlier luminosity counters are dynamically
excluded from the computation of the global luminosity estimator.

In the context of this work, only beam-related effects are explicitly discussed. Studies based on
simulated data [23] have shown that the distribution of hits on the VELO sensors depends on the
position and size of the luminous region, and it is most sensitive to shifts along the z direction, as
visible in the left-hand side panel of figure 12. In order to measure the effect of such movements on the
luminosity estimate, the test sample from figure 8 is reanalysed. Each luminosity counter is corrected
for the shift of the luminous region with respect to the position it had during the calibration vdM run.

The correction is modelled using simulated samples with different beam-spot positions. A correction
k
i
position as c{.‘ =1- fl.k (x;), where x; = {x,y,z} and fik is the relative variation of the counter k

factor ¢ is computed for each luminosity counter and each Cartesian component x; of the beam-spot

with respect to its value when the interaction region is in the nominal position. The final correction
k .k .k

for counter k is given by the product cycyc;. The trimmed-mean estimator is recomputed offline
and it is compared to its uncorrected online value to infer the magnitude of the effect. The results of
this analysis are gathered in figure 12, which shows that, on average, the luminosity measurement
is affected by a 0.2% systematic effect. By far the most relevant contribution (0.185%, see central
panel of figure 12) stems from the displacement of the interaction region along the z direction. The
beam-position correction is effective in correcting the luminosity counters estimates: the right panel
of figure 12 shows that the relative spread of the counters shrinks once the correction is applied,
proving the consistency of the method. In fact, correcting the counters for the actual z position of
the luminous region decouples the spread of the counters from the position movements. Further
correcting for the x and y positions reduces the spread down to about 1%, from peaks of up to 1.5%.
While this plot shows a period during which the z position of the luminous region varies visibly,
the spread of the position-corrected counters is found to remain stable at the ~1% level throughout

the two-week dataset shown in the central panel.

6.8 Availability and downtime

During a typical pp LHC fill, the availability of the hit-count based luminosity measurement has
been as high as ~93% of the stable-beams time. The system is normally online whenever the LHCb
DAQ is active. When it is not, the ECS forces a temporary DAQ stop, which in turn triggers a halt
of the hit processing sequence in the VELO readout boards. A small source of inefficiency (~1%)
stems from the time needed to close the VELO to its nominal beam-centred position at the start of
every fill. In this case, hit processing is enabled, but the acceptance of each accumulation region
changes while the VELO is moving. As a consequence, the calibration performed during the vdM
scan — during which the VELO is closed — is not valid in this phase. Another ~2% inefliciency
is due to self-consistency checks based on real-time analysis of the distribution of the luminosity
measurements from all the counters. These checks have the purpose to determine whether the system
is in stable conditions and evaluate the possible presence of outliers.
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Figure 12. (Left) Simulated distribution of . as a function of the sensor z position. Each colour represents
a simulated sample with different position of the interaction region along the z direction [23]. Across the
whole 2024 pp data-taking period, the centroid of the interaction region has been observed to fluctuate within
a +20 mm z range. (Centre) Distribution of the relative difference between the position-corrected luminosity
estimates and the uncorrected ones, for a two-week dataset collected in July 2024. The o; values listed in the
plot are the standard deviations of the relative luminosity variations observed when the i-axis position correction
is applied. (Right) Trend of the spread of the luminosity counters contributing to the trimmed-mean estimator
for a 36 h period in July 2024. For reference, the z position of the interaction region centroid is also shown, as
measured by the LHCb track-based monitoring tasks.

7  Conclusions

Luminosity determination is a crucial measurement for any high-energy physics experiment. In
LHCDb, a precise real-time instantaneous luminosity measurement is needed in order to operate the
experiment in stable, efficient and safe conditions.

In this paper, a new method to monitor the instantaneous luminosity in real time, based on
counters of reconstructed VELO hits, is presented. The development of this method was enabled
by the implementation of a fast FPGA algorithm capable of reconstructing two-dimensional hits on
the VELO sensors already at the readout level. Hit statistics, accumulated directly on the readout
FPGAs, are calibrated with van der Meer scans in order to obtain luminosity measurements. These
measurements are combined in a trimmed-mean-based luminosity estimator, robust against random
fluctuations of the hit counters, and against failing or noisy channels. The estimator is available in
real time, with a granularity dominated by the desired frequency of readings of the FPGA registers.
Throughout the 2024 data-taking period, updated counter values were made available every 90 ms,
and read out every 3s via ECS.

As discussed in section 6, the luminosity estimator exhibits:

o excellent linear behaviour, with saturation effects compatible with zero;

e very good stability, with a relative spread against the LHCb online luminosity of 0.3% over two
weeks of operation (once beam-position corrections are applied);

o high availability, with as low as 2% intrinsic inefficiency.

Within the counters dynamically chosen to construct the global estimator, internal consistency
is at the level of about 1% in a two-week long period during physics data taking in pp collisions.
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With the statistical uncertainty being negligible, the main contributions to the luminosity resolution
are systematic effects due to:

e occupancy variation over the VELO sensors induced by geometrical movements of the interaction
region: the correction has O(0.2%) effect on the luminosity measurement;

e gsystematic uncertainties related to the calibration procedure, which are not evaluated in this
paper (the treatment of such systematics is thoroughly discussed in the literature [20]);

o residual nonlinearity, which is compatible with zero when evaluated on simulation and on data
taken during dedicated p-scans; a discrepancy of ~0.4% is however observed in a 2-week pp
collision dataset between this luminometer and the LHCD official one.

The VELO hit-based instantaneous luminosity measurement has been operational during LHCb
data taking throughout the 2024 run, and it remains in use to date. It shows excellent agreement
with the LHCb online measurement, and the uncertainties are well within the limits required by the
luminosity levelling procedure. The results obtained in PbPb collisions prove that this method is
valuable also in very high-occupancy scenarios.

Another unique characteristics of this method is its flexibility, stemming from the inherent
customizability of the firmware implementation of the accumulation regions. These can be further
tuned to achieve sensitivity in a range of data-taking conditions, and also to measure other quantities.
Indeed, as a further application, the VELO hit counters can also be used to evaluate the displacements of
the interaction region centroid in real time. Such a tool then allows one to calculate a position-corrected
luminosity value in real time, as opposed to the method discussed above. This measurement can be
performed by constructing appropriate statistics sensitive to the beam-spot position. A method based
on principal component analysis, relating counter rates to the spatial coordinates of the luminous region
once calibrated on simulation, is currently being commissioned, having shown promising results [36].
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