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The VELO is the detector surrounding the interaction region of the LHCb experiment, responsible
for reconstructing the proton—proton collisions as well as the decay vertices of long-lived particles.
It consists of 52 modules with hybrid pixel technology, with the first sensitive pixel being at 5.1
mm from the beam line. The detector’s performance in the first two years of operation is presented.

In order to fully exploit the High-Luminosity LHC potential in flavour physics, a Phase-II Upgrade
of the detector is proposed. Due to the extreme environment of HL-LHC, the design of the
upgraded detector is particularly challenging: assuming the same hybrid pixel design and detector
geometry, the front-end electronics of the VELO Upgrade-II will have to cope with rates as high
as 8 Ghits/s, with the hottest pixels reaching up to 500 khits/s. The status of the Upgrade-II project
will be discussed.
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1. Introduction

The LHCD experiment [1] at the Large Hadron Collider (LHC) is designed to study CP violation
and the properties of rare decays in particles containing beauty (b) and charm (c) quarks. Unlike the
other LHC experiments, which employ a full 47 detector geometry, LHCb has a forward detection
geometry. This configuration, covering the pseudorapidity range of 1.6 < 1 < 4.9, allows the study
of particles produced at small angles relative to the beam line. Such a design is particularly effective
for studying hadron decays containing heavy quarks, as they tend to be produced in the forward
region in high-energy proton—proton collisions.

A critical component of LHCb is the VErtex LOcator (VELO), which is located near the interaction
point and plays a crucial role in reconstructing particle trajectories. This capability is fundamental
for distinguishing signal events from background processes.

2. VErtex LOcator (VELO)

The VELO detector [2] consists of
two movable halves, each housing an ar-
ray of 26 L-shaped silicon pixel detec-

tor modules. During the proton injec- Brimary
s vacuum

tion phase in the LHC, these halves are
kept approximately 6 cm apart to prevent
damage to the detector’s sensitive com-
ponents during beam adjustments. Once
the beams reach a stable configuration,
the two halves of the VELO are gradually Readout
moved closer to the beamline, position-
ing the nearest active area just 5.1 mm  Figure 1: Layout overview of the VELO, illustrating the vac-
from the beams. uum tank, modules and RF box. [2]
Each of the 52 VELO modules con-

tains 12 VeloPix read-out ASICs. Each ASIC has a pixel array of 256 x 256, with individual
pixel sizes of 55 x 55 pm?. This fine granularity ensures a high spatial resolution for reconstructing
vertices. The sensor technology used includes 200 pim thick n-on-p planar silicon sensors, which

are cooled using an evaporative CO; system to mitigate the effects of radiation damage.

The (primary) vacuum of LHC beams is separated from the (secondary) vacuum around the
modules by an RF box (see Figure 1), constructed from 200 pm thick aluminum foil and positioned
3.5mm from the beams and 900 pm from the sensor modules. Its main function is to shield the
VELO sensors from electromagnetic fields generated by the proton beams, which could otherwise
interfere with the detector electronics.

The VELO operates in an extreme environment, which presents significant challenges to its
operation. Having the first active element positioned just 5.1 mm from the interaction region exposes
the detector to intense and non-uniform radiation levels. Over its operational lifetime, the VELO is
expected to receive a dose of 4 MGy, which necessitates the use of high radiation-resistant materials
and components. In addition to the radiation challenges, the VELO also has to manage very high
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data rates: the hottest ASICs are capable of handling data rates of up to 15.1 Gbit/s. Despite these
conditions, the VELO achieves a remarkable performance, with a hit efficiency greater than 99%
and a timing resolution of 25 ns.

3. VELO Commissioning

An extensive commissioning period was required to ensure that the performance of the VELO
met the requirements set out in the Technical Design Report [3]. During this phase, various
calibration and fine-tuning procedures were carried out to optimize the detector’s performance
across several key metrics, including equalising response across the pixel array and time alignment.

3.1 Equalisation

Equalisation refers to the process of equalising the response of each pixel. Every ASIC in the
VELO detector has a noise threshold set for all its pixels, known as the global threshold (Thgppar)-
However, each pixel can further fine-tune its response using a 4-bit offset parameter called trim,
allowing for the definition of a local threshold (Thyycq)):

Thipcar = trim + Thglobal- (D

The equalisation process begins by conducting

threshold scans at the minimum and maximum val-

ues of the trim (0 and 15) for all 256 X 256 pixels 10t o / AIM

of the ASIC. When the electronic noise in a pixel is )(X\» Yo w\)\b
scanned by varying the threshold, the resulting noise § 104

hit curve follows a normal distribution. The sketch N

in Figure 2 illustrates a typical result of these scans, kﬁo‘..

showing the number of pixels above the threshold \§

as a function of Thg,p. By analyzing these distri- ~= '}

butions, the equalisation target is identified as the )

midpoint of their Euclidean distance. From this tar- £ 10m T Z(;(D
get, a new trim value is calculated for each pixel, 77‘;7%3 L

establishing a local threshold. A "control" threshold
scan is performed using these new frim values. Ide- Figure 2: The number of pixels above the thresh-
ally, this control scan would result in a delta function, —old as a function of the global threshold (Thgiopar)-

meaning all pixels would have the same response at e blue and red curves represent the scans at
trim = 0 and trim = 15, respectively, corre-

sponding to the minimum and maximum local
thresholds. These curves are used to determine

the optimal target threshold for each pixel during
get value. The global threshold is then chosen based  the equalisation process. [4]

the target threshold. However, due to the finite res-
olution of the frim settings, the actual result is a
distribution of thresholds that peaks around the tar-

on this distribution, balancing two important consid-

erations. First, any pixels whose local threshold lies above the global threshold will be "masked",
meaning they will not contribute to the detector’s response, which reduces the risk of noise. Second,
the global threshold must not be set too low, as this could leave noisy pixels active, causing false
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signals. To validate the success of the equalisation, a noise run is conducted, during which the
VELO operates when no beam are circulating in the LHC. In a successful equalisation, no noisy
pixels should appear during this test, confirming that the chosen global threshold has effectively
minimized noise across the ASIC.

3.2 Time Alignment

The goal of the time alignment process is to ensure that all ASICs in the VELO detector respond
synchronously to particle interactions, specifically aligning their responses to the LHC clock. This
synchronization is critical to ensure that data from each ASIC corresponds to the correct bunch
crossing (bxID).

The time alignment process con-
sists of two key stages:

§ BEFORE TIME ALIGNMENT

1. Coarse Alignment is the first
step, which aligns the VELO
responses to the LHC clock by :

adjusting delays in increments

of one bxID. This is achieved
using isolated bunches: by
observing how the VELO re-

sponse shifts relative to the

bxID-bxID,,,

known timing of these isolated
bunches, the delays for each ASIGID
ASIC are adjusted to ensure all

of them respond to the same Figure 3: Comparison of VELO response before (top) and after
bxID (bottom) time alignment. Before alignment, responses are spread

across multiple bxIDs, while after alignment, all responses are
2. Fine Alignment follows Coarse ~synchronized to the correct bxID. [4]

Alignment and focuses on
ensuring consistent responses
within the same bxID. This step addresses smaller timing discrepancies, typically shorter
than one bxID, which are caused by signal delay variations between ASICs. Fine align-
ment involves adjusting the electronic phases of each ASIC to ensure that both low and high
amplitude signals are detected consistently across the entire detector.

Figure 3 shows the VELO response before and after time alignment.

3.3 Tomography and RF Box Incident

An interesting feature of the VELO is its ability to use particle interactions for monitoring
and alignment purposes. This technique [5], known as "tomography," involves reconstructing
interactions with material by identifying vertices with at least three associated tracks. These
reconstructed vertices provide a detailed projection of the RF foil and the VELO modules, allowing
for precise monitoring of their positions relative to the beam. Given that the VELO operates very
close to the beam, any deviations from the expected position could result in unexpected beam dumps
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or even damage to the detector itself. Tomography was crucial for the initial closure of the VELO in
November 2022, ensuring the correct placement of the RF foil and VELO modules, which allowed
the detector halves to fully close around the beam.

In 2023, a loss of control in the LHC vacuum protection system caused a pressure differential
between the primary and secondary vacua, exceeding the safe limit. This pressure differential
resulted in a deformation of the RF foil, which was later assessed through tomography (Figure
4). Fortunately, these tomographic studies confirmed that the VELO modules were not damaged,
but the deformation impacted the system’s ability to fully close around the beam. As a result, the
VELO was operated in a partially open state for the remainder of 2023, which affected the physics
program, although commissioning continued as planned.
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Figure 4: Assessment of the RF foil deformation using tomography. [6]

At the beginning of 2024, the deformed RF box was replaced. Since April 2024, the VELO
has been operating successfully, fully closed and around its nominal position, allowing for optimal
performance.

4. VELO Upgrade 2: Motivation and Candidate Technologies

As the LHC prepares for its high-luminosity phase (HL-LHC) over the next decade, we
anticipate a significant increase in luminosity, which presents both exciting opportunities and
considerable challenges for the VELO detector. The higher luminosity will result in more proton—
proton collisions per second, generating significantly more data and higher interaction rates. While
this increase is beneficial for physics analyses, it is particularly challenging for the VELO, which is
the LHCb detector with the highest track densities. Our goal for VELO Upgrade 2 is to maintain,
and potentially enhance, the detector’s performance even with up to seven times higher pile-up than
the current conditions.

Different geometrical layouts are under consideration to address the challenges posed by higher
radiation doses and increased data rates. Two extreme scenarios are:

» Keeping the current VELO layout: this would require replacing the detector annually due to
radiation damage, as the higher radiation exposure would exceed its current tolerance.

* Increasing the distance between the detector and the beam while reducing the pixel size to
compensate for the loss of spatial resolution: this would reduce radiation damage and still
provide the necessary spatial precision for tracking particles.

In practice, the final layout will likely be a compromise between these two extremes, balanc-
ing the need to mitigate radiation damage while maintaining high spatial resolution and tracking
performance.
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In the future high-luminosity environment, a typical bunch crossing is expected to lead to an
average of 42 proton—proton interactions, making it challenging to distinguish between primary
and secondary vertices without precise timing information. Integrating this capability into VELO
Upgrade 2 will allow for better separation of overlapping collisions and improved vertex recon-
struction. Studies [7] show that a hit time resolution of at least 50 ps is necessary to maintain the
current reconstruction efficiency.

To meet the demands set by the HL-LHC operating conditions, novel technologies such as 3D
silicon sensors and Low Gain Avalanche Detectors (LGADs) are being explored, which offer both
radiation tolerance and precise timing. The cooling system will also require an upgrade to manage
the increased heat load: the use of enhanced microchannel CO, coolers, with ceramic materials
being considered, aims to improve thermal conductivity and robustness. Additionally, faster readout
electronics and an improved data acquisition system will be required to handle the higher data rates
expected at higher luminosities.

5. Conclusions

In summary, the VELO detector has shown outstanding performance during its years of op-
eration, achieving high hit efficiency and precise timing. The commissioning efforts have ensured
optimal functioning, but with the upcoming high-luminosity phase of the LHC, the demands on the
VELO will intensify. The proposed Upgrade 2 is essential to maintain and enhance performance in
view of increased data rates and pile-up conditions. Innovations in sensor technology and cooling
systems will be critical to address the challenges posed by higher radiation exposure. The successful
implementation of this upgrade will enable the LHCb experiment to continue making significant
contributions to flavor physics and our understanding of fundamental particle properties.
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