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The LHCb Upgrade IIFigure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
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[Luminosity scenarios for LHCb Upgrade II, 2019]

I Major detector upgrade during LS4
of LHC
∼ 2030

I L = 1.5× 1034cm−2s−1
× 7.5 increase from U1

I 300-350 fb−1

I Very challenging environment
→ ∼ 42 Pile-up
→ 1.5-3.5k charged particles per
bunch-crossing
→ Increase ghost rate and PV
mismatch
→ ×10 radiation dose
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[Expression of Interest for a Phase-II LHCb Upgrade, 2017]
[Luminosity scenarios for LHCb Upgrade II, 2019]

I Major detector upgrade during LS4
of LHC
∼ 2030

I L = 1.5× 1034cm−2s−1
× 7.5 increase from U1

I 300-350 fb−1

I Very challenging environment
→ ∼ 42 Pile-up
→ 1.5-3.5k charged particles per
bunch-crossing
→ Increase ghost rate and PV
mismatch
→ ×10 radiation dose

I Many subsystems with fast timing
VELO, RICH, TORCH, ECAL
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Role of timing in detector performance

I Suppress combinatorics & enabling
time-dependent CP-violation
measurements

I Correct PV
association/reconstruction

I Increase in tracking efficiency and
matching

I Reduction in ghost rate

I PID and Calorimetry

Figure 2.3: Example event containing a B0 ! ⇡+⇡� candidate under Upgrade II conditions,
illustrating the PV association challenge. Each PV is drawn as a 2D Gaussian distribution with
the appropriate values and uncertainties for both spatial (x-axis) and temporal (y-axis) metrics
used to associate the B meson to a single origin PV. In this case, adding the temporal information
allows the correct PV [‘A’, closest to (0, 0)] to be identified where the spatial information alone
would lead to the wrong choice (‘B’).

Adding time information resolves this problem by providing an additional metric (y-axis) to
improve the PV association performance, leading to the correct PV (‘A’) being assigned. Studies
show that without timing the Upgrade II PV mis-association levels may reach ⇠ 20%, while
this can be reduced to ⇠ 5% with a timing precision of 50–100 ps. Studies have also shown that
the track reconstruction e�ciency and fake rate can be addressed by decreasing the pixel pitch
from the current 55 µm at Upgrade II, particularly for the innermost region of the VELO. The
addition of timing will also have crucial benefits in track reconstruction since it allows to reduce
drastically combinatorics at an early stage, saving CPU resources. Timing information from the
VELO also provides a precise time origin for tracks for the rest of the experiment, which will be
helpful for other subdetectors with timing such as the TORCH.

The timing and rate capabilities required from the ASIC are ambitious but achievable
with the foreseen R&D timeline. Another possibility being considered is to have a ‘mixed’
solution where the inner region has a smaller pitch (emphasising resolution) and the outer region
has a larger pitch emphasising more precise timing. Studies of the performance of a possible
configuration are shown in Fig. 2.4.

2.3.1.2 Downstream tracking

Changes to the downstream tracking system are also foreseen. In Upgrade I this comprises a
silicon strip detector located upstream (UT) and three tracking stations located downstream of the
magnet (T-stations). For Upgrade I the T-stations are covered by a twelve-layer scintillating fibre
tracker (SciFi). This covers the full acceptance, corresponding to 30 m2 per layer. In conjunction
with the VELO, these stations provide a high precision momentum measurement. They also
measure the track directions of the charged particles as input to the particle identification
systems, notably the photon-ring searches in the RICH detectors. Two challenges must be met
in the design of the system for Upgrade II. First, the higher occupancies necessitate increased
detector granularity. Second, the rate of incorrect matching of upstream and downstream track
segments needs to be minimised. This can be achieved by optimisation of the UT, minimisation
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[Physics case for an LHCb Upgrade II, 2019]
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Figure 4.2: Simulated performance of the Phase-I Upgrade VELO design, with no further improvements,
at the design luminosity (black points) and at the proposed Phase-II upgrade luminosity (red points): (a)
ghost rate vs. pseudorapidity; (b) tracking e�ciency vs. pseudorapidity; (c) IP resolution vs. 1/pT.

designs the VELO sensors are located in a secondary vacuum, surrounded by a thin metal
shield which suppresses wakefields from the beam. This RF foil gives the largest contribution to
the material budget, however alternative designs can be considered, such as a system of wires,
which would reduce this contribution to a negligible value. Such a change would result in a
significant improvement in the IP resolution, particular at lower momentum, and also have the
benefit of reducing the ghost rate even further. Figure 4.3 repeats the tracking performance
plots for these two scenarios: (1) smaller pixels and thinner silicon; (2) these improvements plus
the removal of the RF foil. In both cases the pattern recognition algorithms developed for the
Phase-I Upgrade have been coarsely optimised for the new conditions by scanning the parameter
space for the most important tuneable thresholds. Additional gains are almost certainly possible
from a more comprehensive redesign of the track-finding software. Furthermore, the addition
of fast-timing information, discussed below in the context of vertex association, will also bring
potential improvements in track finding (see e.g. Ref. [109]).

Pile-up and 4D readout

The large number of multiple interactions per beam crossing at Phase-II presents particular
problems for the operation of a heavy flavour experiment. The selection of beauty and charm
hadron samples is based on their flight distance, as determined by the VELO. This measurement
requires the correct association of the production (PV) and decay vertices of the heavy flavour
hadron. Using a Phase-I Upgrade design detector 13% of b-hadron decays would be mismatched to
the wrong PV at an average pile-up of µ = 50, which would limit the possibilities to perform time-
dependent CP -asymmetry measurements, as well as increase the combinatoric background levels.
If the time information of the track hit is known within a resolution of 200 ps, a performance
already achieved by NA62 [110], the mismatch is reduced to the current levels (1%). Figure 4.4
shows a preliminary study on how this mismatch fraction depends on the time resolution of the
hits. Consequently R&D on achieving high-granularity 4D spatial and timing information in the
VELO in this high-radiation environment is clearly well motivated.
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The upgrade of the VELO detector

I VErtex LOcator: Silicon pixel detector

I ∼ 200 ps time resolution needed to
keep PV mismatch to current
performance

I 4D tracking: hits separated in time
∼ 170 ps RMS
→ tens of ps/hit to distinguish spatially
overlapping hits

I Fast timing needed to maintain
adequate efficiency

I Needs to cope with high radiation
environment without sacrificing spatial
and timing resolution
→ Up to ∼ 1017 1 MeV neq/cm2

I 50 ps/hit, 20 ps/track seems optimal
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2⇥1034 cm�2s�1

based on the Phase-I upgrade model: (a) ghost rate vs. pseudorapidity; (b) tracking e�ciency vs.
pseudorapidity; (c) IP resolution. Scenario 1 (black points) includes pixels with one quarter of the area
of the Phase-I pixels, and a reduced sensor thickness. Scenario 2 also includes removal of the RF foil
separating the VELO and beam vacua.

Improving PV misassociation with timing

PV matching vs. time resolution

‹ Mismatching increases with degrading time resolution as expected
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Approximate VELO upgrade performance

Jon Harrison (Manchester) VELO++ performance 07.04.16 26 / 29Figure 4.4: Fraction of b-hadron decays mismatched to the wrong PV as a function of the time resolution
per hit at a luminosity of 2⇥1034 cm�2s�1. The horizontal dashed line shows the approximate performance
of the Phase-I Upgrade VELO at 2 ⇥ 1033 cm�2s�1. The hit information used as input to the study is
obtained from a sample of simulated events assuming the layout of the Phase-I Upgrade VELO.

Radiation environment

The anticipated radiation fluence at the silicon sensors could be maintained at levels where
current technologies achieve su�cient signal to noise ratios by increasing the inner radius from 5
to 11 mm, at the cost of a degradation in the impact parameter resolution, from 50% to 100%
depending on the track pseudorapidity. A better solution, from the point of view of physics
performance, would be to design ‘hot-swap’ mechanics to allow the replacement of modules in the
end-of-year technical stops. The total number of modules in the Phase-I Upgrade VELO is only
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Detector technologies for VELO

Figure 5.2: Conceptual layout illustrating the technologies that will be explored for the fast-timing
hybrid pixel module.

Mechanical system

There are two critical challenges for the VELO mechanical system that require dedicated
programmes of R&D.

The first relates to the RF foil, that is the thin corrugated aluminium shield which encapsulates
each detector half. The RF foil serves to minimise electrical coupling between VELO components
and LHC beams and provides a surface free of abrupt changes in geometry which would generate
heat and peturb both the VELO electronics and the beam parameters. It also provides a
non-evaporable getter (NEG) coating, which contributes to the control of dynamic vacuum e↵ects
and separates the high-vacuum region of the LHC beam-pipe from the volume containing the
detectors. The RF foils are the single largest contributor to the material in the VELO and
of particular importance as the foil is before the first measured point. Solutions which reduce
the material contribution of the foil, by extending the thinning programme already underway
for the Phase-I Upgrade, or using alternative materials such as CFRP composites may enable
a reduction of material. Based on the experience gained with LHC operation, it may also be
possible to consider alternative solutions, such as a system of wires or an ultralight tube to guide
the beam mirror currents, combined with with local cryo-pumping to remove outgassing.

44
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SuperVELO case study

● Dual technology silicon pixel detectors:

– Timing information in the outer region of each plane, reduced radiation hardness

– Optional timing in the inner region, smaller pixels, more radiation hardness

I ASIC: Based on
VeloPix/TimePix family

I Some options include:
- Thin Planar
- LGADs
- 3D
- Monolithic design
- Others (Diamond, CMOS, ...)

I No single technology exist yet
(ASIC or sensors) that satisfies:
small pixel size, fast timing,
rad-hard
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Timing with RICH

June 7, 2018 LHCP 2018 - Sixth Annual Conference on Large Hadron Collider Physics 12

Timing in RICH

● In the current RICH 1:

– 30% occupancy in the central region

● Same level occupancy can be kept with:

– Smaller pixel size and larger focal length

– Precise timing measurement

● Separating the PVs using the hit time would be desirable:
– ~0.2ns to 1ns resolution on single photon, ~50ps to ~150ps resolution on track

● Coarser resolution of ~1ns enough 
to reject out-of-time photons

– Gate time window of 3ns to reject 
background 

– Few percent in RICH1,

– ~10% in RICH 2
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Figure 3: Left: Hit arrival time distribution on RICH1 photodetector arrays, for fully simulated
events. Right: the same for RICH2. The events originate at z ± 150 mm and t = 0 s. The main
peak is due to hits from particles generating photons(signal), while the first peak(s) in time are
due to particles interacting directly with the photodetectors. Other background is attributed to
late particles, scintillation, multiple reflections, etc.

precision of the location of components - is achieved by finely tuning the optical system,
by employing light-weight precision optics, by using low dispersion gaseous media and by
shifting the photon detection range to the red. Reducing the detector occupancy requires
a compromise between photon detector surface area and granularity and possibly a 2-bit
system readout in the hottest regions. The system could benefit from the use of precise
timing measurements, thanks to fast readout and a quasi-aberration-free optical system.

This is not just wishful thinking. Precision light-weight optics have been and are being
further developed and improvements of SiPM-like devices are approaching the maturity
and sensitivity required to be eligible for use in a particle physics experiment. We are
confident that in 10 years it will be possible to build such a system. To that end we are
going to launch a strong R&D on photon detector arrays and associated electronics, specific
for the LHCb RICH application and in close collaboration with relevant manufacturers.
We shall propose this scheme, or its partial implementation, for the possible UPG2a phase
to be completed around 2026.

References
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of the LHCb RICH detectors during the LHC Run II, RICH 2016 proceedings.
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[LHCb-PUB-2017-014]

I RIng Imaging CHerenkov (RICH)
detectors

I Same occupancy level of current RICH1
needs:
- smaller pixel size - Precise timing

I Timing information can improve
pattern recognition and ratio of signal
photons to background

I Separating different PV using hit time:
- 0.2-1 ns/photon → 50-150 ps/track

I Resolution of 1 ns enough to reject out
of time photons
- 3 ns gate to remove background (sim)
- a few % in RICH1, ∼ 10% in RICH2
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TORCH

I Time Of internally Reflected
CHerenkov light

I ToF Detector

I Comprises position-sensitive
Micro-Channel Plate
Photo-Multiplier Tubes
(MCP-PMT) detectors

I Time resolution:
∼ 70 ps/photon
→ ∼ 15 ps/track

I Fast timing helps with:
- Possibly suppressing ghosts
stemming from mismatching
between VELO & UT
- Timestamp particles
decaying after VELO
- ToF measurement to
improve low momentum 2-10
GeV/c PID of π/K

(a) (b)

Figure 4.9: Schematic of TORCH detector for LHCb: (a) Front-on view of full detector; (b) View
of single module showing focusing block and photodetector plane.

tracks that occur through the mismatching of track candidates found in the VELO and
UT, with candidates found in the downstream tracker, referred to as ‘T-tracks’. Studies
indicate that in events with 50 interactions, when using the matching algorithms developed
for the Phase-I Upgrade, this category of ghosts will reach around 50% of the number
of correct associations. A su�ciently precise time stamp for the downstream candidates
would allow for comparison with the timestamp from the VELO, thereby enabling incorrect
matches from di↵erent interactions to be rejected (see Fig. 4.10(a)). A timing detector
sensitive to the direction of the incident particles, such as the TORCH, would also suppress
T-track ghosts arising from the incorrect association of hits in the downstream tracker (see
Fig. 4.10(b)).

2. Two-thirds of K0
S mesons, and a higher proportion of ⇤ baryons, decay after the VELO

and so could only be time-stamped by the TORCH. This information would allow these
long-lived particles to be assigned to the correct interaction, thereby reducing combinatorics.

3. The design specifications of the TORCH are such to enable particle identification through
ToF in the low-momentum region of 10 GeV/c and below, which is the threshold for positive
identification of kaons in the C4F10 radiator of RICH 1. Many important topics in the
LHCb physics programme can be enhanced through the additional discrimination between
pions, kaons and protons that the TORCH will bring in this regime. Examples include
flavour tagging, CP -violation measurements involving high-multiplicity final states, and
searches for exotic hadrons.

It should be noted that the particle identification capabilities of the TORCH will be equally
valuable at the lower luminosities of the Phase-I Upgrade, making this detector an attractive
project for installation in LS3, as discussed in Sec. 5.4.

In Sec. 4.3.3 fast-timing information is also proposed for the ECAL, obtained from silicon
planes embedded between converter material, in order to suppress combinatoric background for

32

Figure 4.10: Categories of ghost tracks that may be suppressed with TORCH information: (a)
wrongly matched VELO-UT and T tracks; (b) wrongly constructed T tracks.

in heavy-flavour studies for ⇡0 mesons and photons. The same detector will therefore provide
fast-timing for charged particles. Further studies are required to ascertain the complementarity
between these capabilities and those of the TORCH. It has also been suggested that the timing
needs of the ECAL could be met by using the TORCH itself as part of the calorimeter system,
situated behind a 1-2X0 converter plane, which would give the detector sensitivity to photons.
Again, more studies are necessary to evaluate the feasibility of this option.

4.3.3 Calorimetry

The LHCb physics programme can be widened significantly in scope through installing a higher
performant Electromagnetic Calorimeter (ECAL), and one adapted to the requirements of a
high-luminosity environment. In particular, a rich range of measurements can be performed
with final states involving ⇡0 and ⌘ mesons, electrons, and photons from loop-level transitions.
There are many examples of individual processes to be studied, so only a short list can be
provided here. In the domain of CP -violation measurements the angle �s can be probed with
B0

s ! J/ ⌘(0) decays; knowledge of the angle �, which is primarily measured with B� ! DK�

decays, can be improved by including D-meson modes with ⇡0 mesons in the final state (also
valuable for mixing and CP -violation studies in the charm system itself); the angle ↵ can be
measured through an isospin analysis of the decays B0 ! ⇢+⇢� and B+ ! ⇢+⇢0, which thus
far could only be performed at e+e� machines. Rare decay studies, that until now have been
inaccessible at LHCb, include B0

s ! µ+µ�� and hadronic modes such as B+ ! K+⇡0. High
quality calorimeter information can be used to suppress D+

s ! ⌘(µ�µ+�)µ+⌫µ decays, which
are an important source of background in the search for ⌧� ! µ+µ�µ�. Precise studies of
photon polarisation in radiative penguin decays such as B0

s ! �� will be possible, provided
the experiment retains good sensitivity to high-pT photons. Modes with electrons, such as
B0 ! K⇤0e+e� and B� ! K�e+e�, which are currently attracting much attention through
lepton-universality measurements in loop-induced transitions, will remain a high priority. Searches
for pentaquarks and other exotic hadronic states would be greatly enhanced using modes such as

33
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A large-scale TORCH demonstrator

I Quartz plate of dimensions 660 × 1250 × 10
mm3

I Read out by customized 53 × 53 mm2 MCP-
PMTs with 8 × 128 pixel-equivalent
granularity

I Tested at CERN PS T9 beamline at 8 GeV/c

I 70 ps/photon time resolution

T.H. Hancock, S. Bhasin, T. Blake et al. Nuclear Inst. and Methods in Physics Research, A 958 (2020) 162060

Fig. 3. (a) The distribution of photon arrival times as a function of fine-grain pixel
number (y®-position), shown for incident pions detected on column 16 (see Fig. 2).
The overlaid lines show the predicted times of arrival. Distinct bands can be seen,
corresponding to the photon paths shown in (b).

Fig. 4. An example residual distribution for incident protons, displaying the predicted
time of arrival subtracted from that measured. This is shown for photons with no side
reflections and detected on column 16 (see Fig. 2). A ‘‘Crystal-Ball’’ shape (a Gaussian
spliced with an exponential tail) is fitted to the data. The width of the Gaussian
component is taken as the time resolution of the measurement.

more efficient MCP-PMT is used in the analysis, and the resolutions are
determined separately for incident protons and pions, and also for each
MCP-PMT column. Fig. 5 shows the average, and standard deviation, of
the resolution measurements over the MCP-PMT columns as a function
of vertical displacement, for protons and pions. The best achieved time
resolution is 89.1±1.3 ps. The resolution is marginally better for protons
than pions, attributed to the proton sample being slightly purer than the
pion sample. A degradation in time resolution is seen with increasing
photon path length in the quartz, and this effect is under investigation.

Fig. 5. The dependence of the TORCH single-photon timing resolution as a function
of the vertical position of the beam incident on the radiator plate. The beam is aligned
5 mm from the side edge of the quartz, directly below the MCPs. The quoted resolution
is averaged over each MCP-PMT column, and the error is the standard deviation of the
measurements.

Whilst a time-walk correction is already incorporated, the main fac-
tor currently limiting the resolution is the calibration for the time-over-
threshold response of the NINO chip which yet needs to be introduced.
Work is underway to incorporate a charge to signal-width calibration,
providing a correction not only to the photon time of arrival but also
the spatial positioning.

4. Photon counting

To investigate the photon counting efficiency of Proto-TORCH,
the number of photons observed in data is compared to simulation.
Optical processes are modelled by Geant4 [6], while custom libraries
are used to model the detector response and readout electronics. Both
MCP-PMTs are used in the counting measurement, with the quantum
efficiencies displayed in Fig. 2b as input.

Fig. 6 shows the number of photons per incident particle in data
for different vertical positions on the radiator plate compared to simu-
lation. For beam position (a), located just below the MCP-PMTs, good
agreement between data and simulation is observed. Moving down the
plate, approximately 65% more photons are seen in simulation than
data. This indicates a loss of photons, possibly due to local surface
scattering somewhere below the top point, and this effect is currently
under study.

A geometrical factor of Ì6 increase in the number of photons is
expected when scaling up the 2 MCP-PMTs, tested here, to a full module
of 11. The final tubes can also be expected to have significantly better
quantum efficiency on average than the tubes used in the test beam,
bringing the photon yield towards the desired 30 photons per event.

5. PID performance

The expected PID performance of the final TORCH detector in the
LHCb experiment has been simulated. A 5ù6 m2 area of quartz radiator
is assumed, divided into 18 modules, each read out with 11 MCP-PMTs.
At the present time the simulation is stand-alone, with events (and
background) from the full LHCb simulation [7] used as input to model
the behaviour.

A PID algorithm has been developed based on the delta log likeli-
hood approach employed for the LHCb RICH detectors [8]. For each
track incident on the radiator plate, a pattern of MCP-PMT hits is gen-
erated for each mass hypothesis. The detected hits are then compared
to these patterns, and the combination of hypotheses which gives the
greatest improvement in log-likelihood (�LL) is chosen as the preferred
set of particle types.

3

[T. H .Hancock et al., Nuclear Inst. & Meth. , A 958 (2020)]
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TORCH demonstrator test

● MCP-PMTs developed in collaboration 
with Photek, to detect Cherenkov 
photons.

● Each detector needs 128x8 effective 
granularity over 53x53mm2 

● A small-scale TORCH demonstrator tested in CERN PS 5 
GeV pion-proton beam (Nov 2017) with a single MCP-PMT. 

– Patterns show characteristic reflections

– Resolution of ~100 ps for single photon achieved
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ECAL

I Challenge to optimize simultaneously energy resolution, radiation
hardness, cell size

I Fast timing:
- Suppress combinatorics when forming π0 candidates and b-hadron
decays
- Allow combinatorics from high pile-up to be rejected

Figure 4.12: Accumulated radiation dose plotted against z in the vicinity of the ECAL for di↵erent
regions of x, all close to the beampipe, at y = 0. The dose is calculated in 5 ⇥ 5 ⇥ 5 cm3 cells and
corresponds to an integrated luminosity of 300 fb�1 at 14 TeV, determined with the detector layout of the
Phase-I Upgrade.

than at present. This attribute brings several benefits, for example improved radiation hardness
due to shorter wave guides. The cell area in the innermost region should be around 2 ⇥ 2 cm2;
this small size is again benefial for radiation hardness.

Fast-timing and precise position information will be provided by three planes of silicon pads
or strips, embedded between absorber layers or behind a single converter plane at the front of
the module, or alternatively placed deeper in the detector to benefit from the larger signal at the
shower maximum. The final choice of location requires optimisation with respect to the position
and timing resolution that the silicon provides. Fast timing in a silicon detector operating in a
beam-based experiment has been demonstrated by the NA62 Gigatracker, which has already
achieved a resolution of better than 200 ps [110]. An order-of-magnitude better performance
is aimed for by the CMS forward-calorimeter Phase-II Upgrade, which will use silicon pads
for its active elements [118, 119]. Figure 4.13 shows the impact of fast timing in LHCb for 50
interactions per crossing, simulating the temporal and spatial distribution of interactions, and
assuming both a 50 ps and a 20 ps Gaussian resolution for each of the three silicon planes of the
ECAL. By placing a one-sigma window around arrival times corresponding to the interaction of
interest, the mean number of incorrect primary vertices giving rise to background hits can be
reduced to 2.7 with 50 ps resolution, and 1.1 with 20 ps.

The requirements on the spatial resolution to be provided by the silicon planes are under
study. In the inner region pad sizes of 1 cm2 or smaller located towards the front of the module
will provide better sensitivity than the centre-of-gravity of the pure calorimeter clusters, and will
be valuable for improving the resolution of the ⇡0 reconstruction and in discriminating between
overlapping showers.

The precise design of the module will be decided after an appropriate programme of R&D,
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Figure 4.11: Reconstructed resolved ⇡0 candidates in Run-2 minimum-bias data, divided into sub-samples
with di↵erent numbers of reconstructed primary vertices (NPV). The mass resolution and signal-to-
background ratio (S/B) is indicated for each sub-sample. The selection requires pT(�) > 300 MeV/c and
pT(⇡0) > 550 MeV/c.

Table 4.3: Resolutions in MeV/c2 on the ⇡0 mass as determined from true ⇡0 ! �� decays in LHCb
simulation, where the photons are subjected to Gaussian smearing on the energy resolution of the form
�E/E = �S/

p
E(GeV)� �C . Results are shown for the case where the spatial information on the photon

impact point is obtained from current cluster information, and with perfect knowledge.

Spatial information Perfect spatial
from clusters knowledge

�C �C

�S 1% 2% 1% 2%

7% 7.5 8.2 4.2 5.2
10% 8.5 9.3 5.5 6.5
15% 10.5 11.3 8.0 8.9

Candidate technologies for the Phase-II ECAL

A suitable technology to meet the challenging requirements of the Phase-II ECAL is a modular
sampling-calorimeter based on a tungsten or tungsten-alloy absorber. It should be around 25 X0

in depth, as is the current detector, in order to contain the electromagnetic showers induced by
particles from b-hadron decays, and hence will be significantly thinner in longitudinal extent
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Timing in ECAL
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Figure 4.13: Impact of timing information on assigning ECAL clusters to PVs: (a) number of incorrect
vertices passing selection; (b) e�ciency of selection vs. number of incorrect vertices.

the first steps of which are outlined in Sec. 5.5. The choice of scintillator will be made after a
careful evaluation of the possible e↵ects of radiation. One possible geometry is to embed the
wavelength shifters in chamfers at the corner of the cells, thereby avoiding the need to drill holes
in the tungsten plates. Such an approach, based on the pioneering work described in Ref. [120]
is sketched in Fig. 4.14(a). Another interesting possibility is to dispense with wavelength shifters
and employ clear light-guides to improve the resultant photon yield. These light guides could be
constructed of quartz to improve the radiation hardness of the module. This solution is shown
schematically in Fig. 4.14(b).

Modules constructed of small tungsten cells, and containing silicon planes, are expected to
be rather robust against radiation damage. The exact sampling ratio of the cells need to be
studied, such that this robustness is optimised whilst at the same time satisfying the resolution
requirements discussed above. It may be necessary to plan for the replacement of the innermost
modules after a couple of years of data taking. This operation will be relatively straightforward
in LHCb thanks to the detector’s open geometry, although dedicated tooling will need to be
developed.

Hadron calorimeter

The primary purpose of the Hadron Calorimeter (HCAL) is to give input to the hardware-trigger
decision in the current detector, and also the so-called LLT (low level trigger) of the Phase-I
Upgrade. However the LLT is only expected to be required in the early years of Run 3, when
the HLT is still being commissioned, and hence the HCAL can be removed after this period. As
described in Sec. 4.3.4, the liberated space can be used for augmenting the muon filter.

4.3.4 Muon system

The muon system for the Phase-I Upgrade will consist of four stations, labelled M2 through to
M5, equipped with MWPCs. Station M2 is located directly behind the calorimeter and the other
three stations are embedded in the muon filter, as shown in Fig. 4.15. Each station is divided
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I Spatial and timing provided by silicon detectors

I Embedded in the absorber layers or at front of the module OR

Deeper within detector to benefit from larger signal

I Time resolution of a few tens of ps needed
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Summary

I LHCb Upgrade 2 will provide a challenging detector
environment

I ×10 higher Luminosity
→ Increased Pile-up, ghost rate, PV mismatch and radiation
dose

I Fast timing in many subsystems becomes crucial to maintain
physics performance
VELO, RICH, TORCH, ECAL
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Conclusions

● Timing can be included in different sub-detectors already in Run4,
i.e. in ECAL, RICH, TORCH

● Timing can be considered also in pattern recognition and track reconstruction

– Not only for timestamping tracks

– Promising UFSD and 3D silicon sensors R&Ds could allow ~30ps hit resolutions in Upgraded VELO

● Inclusion of timing detectors in LHCb Upgrade-II in 2030 is crucial

● With increased luminosity  up to 2*1034cm-2s-1 :

– timing allows to mitigate pileup effects

– Ghost rate suppression

– Better association between tracks upstream and downstream the magnet
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