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TORCH is a novel time-of-flight detector, designed to provide 7/K particle identification up to
10 GeV/c momentum over a 10 m flight path. Based on the DIRC principle, Cherenkov photons
are produced in a quartz plate of 10 mm thickness, where they propagate to the periphery of the
plate by total-internal reflection. There the photons are focused onto an array of micro-channel
plate photomultipliers (MCP-PMTs) which measure their arrival times and spatial positions. A
time resolution of 70 ps per detected Cherenkov photon is expected, which results in a time-of-
flight resolution of 15 ps, given typically 30 detected photons per track. For a future application,
a full-scale TORCH detector has been proposed for the future LHCb upgrade, which comprises
18 modules with 198 MCP-PMTs. To demonstrate the TORCH principle, a half-height (1250 x
660 x 10mm?) prototype module has been tested in a 8 GeV/c mixed proton-pion beam at the
CERN PS. Customised 53 x 53 mm? MCP-PMTs of effective granularity 128 x 8 pixels have been
employed, which have been developed in collaboration with an industrial partner. The single-
photon timing performance and photon yields have been measured and are close to specification,
demonstrating the TORCH concept.
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Status of the TORCH time-of-flight detector

1. Introduction

The TORCH (Time of Internally Reflected CHerenkov light) detector is a novel low-momentum
particle identification (PID) detector that exploits time-of-flight (ToF) to provide positive hadron
identification [1,2]. TORCH aims to provide 7 /K separation up to a momentum of ~ 10 GeV/c and
proton identification up to ~ 20 GeV/c. Prompt Cherenkov radiation emitted by charged hadrons in
a highly polished quartz plate is collected via total internal reflection. Single photons are focused
onto a photon detector plane, where the spatial positions and arrival times are recorded, and used to
determine the track species. The difference in the ToF of 10 GeV/c kaons and pions when travelling
a flight path of 10 m is approximately 35 ps. Therefore TORCH aims to achieve a time resolution
of 10-15 ps per track, corresponding to a single-photon time resolution of 70 ps for 30 collected
photons.
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Figure 1: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle) the focusing
block, which translates the photon’s angle of exit from the quartz plate in the yz plane (6.) into the y’ position
on the MCP-PMT detector plane, and (right) the 18-module TORCH detector proposed for LHCb.

2. Design

The TORCH detector has been proposed for the upgraded LHCb experiment [3] and consists
of 18 quartz modules, spanning an area of 5 x 6 m?, as shown in Fig. 1. Each module is made up of
a quartz plate (2500 x 660 x 10 mm?) with a focusing block at either the top or bottom edge. The
focusing block, with a cylindrical mirrored surface, translates the angle of exit from the quartz plate
in the yz plane to the y’ vertical position on the photon detector. TORCH could be installed during
the LHC Long Shutdown 3 for operation during Run 4 and beyond, and provide complementary
PID information to the existing Ring-Imaging Cherenkov (RICH) detectors [4].

Two TORCH prototypes have been developed and tested at the CERN Proton Synchrotron in
a 5-8GeV p/m beam. The first, named “Mini-TORCH?”, is a small-scale module with a 350 x
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120 x 10 mm? radiator plate, instrumented with a single micro-channel plate photomultiplier tube
(MCP-PMT). The performance of this prototype has been reported in Refs. [5] and [6]. The second
prototype, named “Proto-TORCH?, is a half-height, full-width module (1250 x 660 x 10 mm?)
instrumented with two MCP-PMTs.

3. Micro-channel Plate PMTs

Cherenkov radiation is focused onto a plane of MCP-PMTs, developed by industrial partner
Photek UK (Ltd) [7]. Each MCP-PMT, shown in Fig. 2, has a granularity of 64 x 64 pixels over a
53 x 53 mm? active area. The horizontal (non-focusing) channels are grouped electronically and the
device is read out with a granularity of 64 x 8. The MCP-PMTs use charge sharing to improve the
granularity in the vertical (focusing) direction, giving 128 x 8 effective pixelisation. The avalanche
of charge produced by a single photon in the MCP typically induces hits on multiple anode pixels.
The centroid of these hits allows the spatial and timing precision of the photon arrival time to
be improved. The MCP-PMTs are designed to withstand an integrated charge of 5Ccm ™2 by
utilising an atomic layer deposition (ALD) coating onto the MCPs. The devices are read out with
customised electronics [8] that use the NINO and HPTDC chipsets developed for the ALICE TOF
detector [9,10]. The NINO is a discriminator that provides time-over-threshold information, which
is used to correct the timing for the pulse-height-dependent signal shape (time-walk). Additionally,
corrections are applied for non-linearities in the HPTDC binning. Time reference pulses from an
external ToF system [2] are injected into eight channels per MCP-PMT.
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Figure 2: (Left) Schematic of the MCP-PMT pixel layout, (middle) a photograph of the MCP-PMT surface,
and (right) the MCP-PMT connectors.

4. Beam tests analysis

The Proto-TORCH module was tested in a 8 GeV p/m beam in October 2018. The module
was instrumented with two MCP-PMTs, corresponding to 1024 readout channels, of which 16
were time reference channels. An example of the spatial distribution of hits is shown in Fig. 3.
The cones of Cherenkov radiation emitted by the charged hadrons are focused into a hyperbole-
like pattern, which are folded in on themselves when the photons are reflected off the sides of the
module. The two MCP-PMTs had differing quantum efficiencies, leading to the different numbers
of hits as seen in the figure. The number of dead pixels decreases from the left-hand to right-hand
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Figure 3: (Left) The spatial distribution of hits on the MCP-PMT as measured in the beam test. The MCP-
PMT used in the subsequent analysis is highlighted. (Middle) The time projection of a single MCP-PMT
column, with the different photon trajectories labelled as shown in the diagram on the right.

side MCP-PMT as a result of improvements in the NINO wire bonding procedure. The test beam
analysis described below concentrates on the MCP-PMT with the higher quantum efficiency.

Due to the charge sharing in the MCP-PMT, single photons result in hits on multiple pixels.
Hits on a single MCP-PMT column but on adjacent vertical channels are combined by a clustering
algorithm to create a single photon cluster if the hits arrive within 1 ns on adjacent pixels. The
clustered spatial hit-maps are extended to create time-projection plots, in which the hits in the
focusing plane (y’) are projected along the time axis. An example is shown for a single MCP-PMT
column in Fig. 3, along with reconstructed predictions calculated from the incident track position
and angle. It can be seen that the different orders of side reflection are cleanly separated, and the
widths of each order are measured to determine the single-photon time resolution.

4.1 Time resolution

The time resolution is determined using simultaneous unbinned maximum-likelihood fits to
the photon time of arrival with respect to the time reference. The time resolution is corrected for
the uncertainty arising from the time reference pulse (43.2 ps) and from the beam spread (15.1—
30.4 ps, depending on the distance between the beam and the MCP-PMT plane). A separate fit
model is created for each pixel, comprising a polynomial background distribution and peaking
structures modelled by Crystal Ball functions. The TORCH reconstruction predictions are used
to determine how many peaking structures are expected for each pixel. Additionally, background
shapes are included to account for structures observed in the data, namely bands across all pixels
that appear at the same time, likely to be a result of scattered beam-related light.

The time resolution is determined for different beam positions in vertical height. The distance
from the MCP-PMT plane to the beam is varied from 17.5 cm to 101.0 cm in four steps. The results
of the fits for each MCP-PMT column and beam position is shown in Fig. 4, corresponding to all
photon clusters that contain between 2 and 5 hits. Additionally, the time resolution is measured as
a function of the number of hits per cluster, as shown in Fig. 4. The spread in the photon arrival
time reduces as the size of the cluster increases. It can be seen that the time resolution of the Proto-
TORCH demonstrator is in the range 60—130 ps, approaching or exceeding the design goal of 70 ps
per photon for specific beam positions and cluster sizes.
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Figure 4: (Left) Time resolution as determined for different MCP-PMT columns and beam positions, as
indicated in the diagram on the right. (Middle) Variation in the time resolution as a function of the number
of hits per cluster, for the different beam positions.
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Figure 5: The TORCH time resolution displayed as a function of the propagation time and number of hits
per cluster. The overlaid surface is the result of the 2D fit described in the text.

A two dimensional fit has been performed to the time resolutions as a function of the beam
position and cluster size to quantify the contributions from different sources, as shown in Fig. 5.
The TORCH time resolution, Grorcy, is assumed to vary according to the expression

G%ORCH = Gczonst + Oprop (ZP)2 + oro (M HitS)2> 4.1

where the constant contribution, O.qps, 1S attributed to sources such as the intrinsic MCP-PMT time
resolution; the term Oprop(fp) characterises the contributions that grow with photon propagation
time, 7p, such as dispersive effects; and finally the term oro(Npiis) that is a function of the number
of hits in a cluster, Nyjs. The two-dimensional fit determines the separate components to be

Oconst = 33.0+=7.1ps,

Oprop(tp) = (7.8 £0.7) x 1072 x tpps, and
100.5+5.7 s
V NHits ’

where a linear dependence on 7p and a 1/ VN dependence on Ny has been assumed. The sources

oro (NHits) =

of these uncertainties are currently under study in laboratory tests. Further electronics calibrations
are expected to improve the latter two resolution contributions.
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4.2 Photon yields

The desired TORCH per-track time resolution assumes that 30 photons per charged track are
collected. The number of photons clusters in the Proto-TORCH demonstrator are counted and
compared to the number obtained in Monte Carlo. The TORCH prototype is simulated using
GEANT4 to model the optical processes [11], whilst custom libraries are used to model the detector
and electronics read-out responses. Various sources of inefficiency are accounted for, including
the surface roughness of the quartz and the MCP-PMT quantum and collection efficiencies. The
distributions of photon yields are shown in Fig. 6. Reasonable agreement is seen when the beam is
close to the MCP-PMT, but discrepancies are observed when the beam is positioned further down
the radiator plate. The source of these discrepancies are still under study. As the current prototype
is instrumented with only 2 MCP-PMTs out of a posible total of 11, the light yield is expected to
improve by a factor of 5.5 in a fully instrumented module. Additionally, the two MCP-PMTs under
test had peak quantum efficiencies of only around 13.1% and 17.5%, whilst the final MCP-PMTs
are expected to have peak quantum efficiencies of at least 25%, further increasing the photon yield.
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Figure 6: Photon yields in data and simulation when the beam is positioned 17.5 cm (top left), 45.3 cm (top
right), 73.2 cm (bottom left) and 101.0 cm (bottom right) from the MCP-PMT.

5. Simulation and physics studies

The full TORCH detector, comprised of 18 modules and 198 MCP-PMTs, has been sim-
ulated within the framework of LHCb experiment [12]. The optical processes are modeled in
GEANTH4 [11] and the sources of inefficiency described in Section 4.2 are taken into account. The
PID performance is determined for the LHCb upgrade (Run 4) conditions in which the instanta-
neous luminosity is expected to be . =2 x 10> cm~2s~! [13]. A PID algorithm compares the
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likelihood of each charged track hypothesis by generating the expected photon patterns in the event,
in a similar procedure to that used in the LHCb RICH reconstruction [14]. The PID performance
shown in Fig. 7 demonstrates that the TORCH detector has excellent separation power in the range

up to 10 GeV/c for kaons and pions, and up to 20 GeV/c for kaons and protons.
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Figure 7: TORCH PID performance of the full TORCH detector as determined from simulations. (Left)
kaon-pion separation and (right) kaon-proton separation.

This PID performance is used to quantify the benefits of TORCH to the LHCb experiment
in selected physics channels. As expected, modes with low-momentum kaons and protons ben-
efit the most. The modes studied include semi-leptionic processes such as Ag — pu~Vy and
B?— K~ p vy, and baryonic modes including A — J/y pK~ and A? — pn~n"n~. The TORCH
detector is found to significantly improve the signal efficiency, aid in the rejection of misidenti-
fied backgrounds, and reduce the phase-space dependence of PID efficiencies in these modes. The
increase in signal efficiency varies from 10% to more than 50% depending on the kinematics of
the mode. Additionally, TORCH is found to benefit the efficiency of flavour tagging algorithms,
utilised in many measurements. Some flavour tagging algorithms rely on identifying low mo-
mentum kaons and protons; the addition of TORCH PID improves the effective tagging power by
around 25%.

6. Conclusions and future plans

In conclusion, a successful series of beam tests has been conducted, the latest with the Proto-
TORCH module. The single photon time resolution has been measured in the range 60—130 ps,
achieving the goal of 70 ps in some configurations. Further laboratory tests are ongoing to inde-
pendently verify the contributions to the time resolution, and improved electronics calibrations are
expected to further enhance the performance. A full-scale TORCH detector has been simulated in
the LHCb experiment and studies indicate significant improvements to the LHCb physics potential.
A fully-instrumented TORCH module with 11 MCP-PMTs will be tested in the future.
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