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A B S T R A C T

The TORCH detector aims to provide 𝐾/𝜋 (𝐾/𝑝) separation up to a momentum of about 10 (15) GeV∕𝑐 by
measuring their time-of-flight at the LHCb detector. Prompt Cherenkov photons are produced in a quartz
radiator bar of 10 mm thickness, and propagated via total internal reflection to the periphery of the detector,
where they are focused onto an array of microchannel plate photomultipliers that measure the photon arrival
time and position. Pattern recognition techniques are used to compare the likelihood that the detector image
is due to a given particle hypothesis. Good performance is obtained even for very high detector occupancies.

1. Introduction

The excellent Particle IDentification (PID) capability of the LHCb
experiment has been crucial for the success of its physics programme.
Such PID capabilities are provided by two Ring Imaging CHerenkov
(RICH) detectors [1]. However, with the existing RICH detectors, kaons
(protons) below 10 (15) GeV∕𝑐 fall below the Cherenkov threshold and
cannot be positively separated from pions.

The Time Of internally Reflected CHerenkov (TORCH) detector is a
proposed large-area Time-Of-Flight (TOF) detector, which aims to en-
hance the PID performance of the LHCb detector in the 2–15 GeV∕𝑐 mo-
mentum range [2]. TORCH exploits the difference in TOF between sev-
eral species of particles with the same momentum. Prompt Cherenkov
photons are radiated when charged hadrons traverse a 10 mm-thick
quartz plate. The Cherenkov photons are propagated, via total internal
reflection, to the periphery of the radiator, where a cylindrical mirrored
surface focuses them onto an array of fast-timing photon detectors. The
cylindrical mirror is designed such that the 𝑦 position (height) in the
MCP can be mapped to the entry angle of the photon in the focusing
block, while in the 𝑥 direction, the photon is just reflected. Fig. 1
shows a side view of TORCH with the possible path of a Cherenkov
photon emitted by a charged hadron. The full detector will comprise
18 optically isolated modules, each with a quartz radiator of 2.5 m
height, 66 cm width and 1 cm depth, and a focusing block. The 18
radiator bars will cover an area of 5 × 6 m2. TORCH will be installed
in front of RICH2 of LHCb, at ∼9.5 m from the 𝑝𝑝 interaction point.
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The TORCH installation is now included in the Upgrade II plans for
the LHCb experiment [3]. Given the flight path of particles detected by
TORCH, the difference in TOF between kaons and pions at a momentum
of 10 GeV∕𝑐 is around 35 ps. Achieving a statistical separation of 3𝜎 will
require a time precision of 10–15 ps per-track. Given 20–30 photons are
expected to be detected per-track, the desired per-track time resolution
translates to a time resolution of about 70 ps for single photons.
Such resolution depends on accurate time measurements but also on
precise spatial measurements to have an accurate reconstruction. These
features are provided by microchannel plate photomultipliers (MCP-
PMT) [4], with 64 × 8 pixels covering an active area of 53 × 53 mm2.
Exploiting charge-sharing, photons can be reconstructed as a cluster
instead of as a single pixel and an effective granularity of 128 × 8 is
achieved. Such granularity grants an angular resolution of ∼1 mrad in
the 𝑥- and 𝑦-directions.

2. Reconstruction

The Cherenkov light pattern in TORCH is a three-dimensional image
(in space and time), which is folded by reflections from the sides of the
module. An example image is shown in Fig. 2.

The photon detectors measure the arrival time (𝑡arrival) and position
of the photons which can then be used to calculate the azimuthal (𝜙C)
and polar (𝜃C) Cherenkov angles of the emitted photon, and the photon
path length in the radiator. The arrival time on the photon detector
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Fig. 1. Side view of one TORCH module showing how a Cherenkov photon, when
emitted by a charged hadron in the quartz radiator, propagates to the periphery of
the detector via total internal reflection. Cherenkov photons are focused onto an array
photon detectors by a cylindrical mirror at the very edge of the focusing block. Different
wavelengths of light will be emitted with different Cherenkov angles and will be focused
into different positions on the MCP by the mirror.

Fig. 2. Expected TORCH image on the detector plane for a single charged particle,
(top) without chromatic dispersion and (bottom) with chromatic dispersion. The colour
indicates the arrival time of the photon from (purple) earliest to (red) latest. The photon
yield has been artificially increased to demonstrate the pattern. The folds in the pattern
are due to the reflections in the side of the module. Reflections from the bottom of
the bar also appear ‘‘disconnected’’ from the pattern.

plane, and the photon time of propagation, can be used to infer the
TOF of the hadron,

𝑡arrival = 𝑡0 + 𝑡TOF + 𝑡prop . (1)

Here, the production time, 𝑡0, indicates when the charged hadron is
created. The particle flies for a time, 𝑡TOF, before emitting a Cherenkov
photon inside TORCH, and that photon propagates for time 𝑡prop before
reaching the photon detectors. The TOF can be disentangled from 𝑡arrival
using information from the tracking system. The production time can be

Fig. 3. Resolution on the photon emission time from the photon reconstruction. Three
configurations are shown: using the true hit coordinate as the hit position; using the
pixel centre as the hit position; and using the cluster centre as the pixel centre.

derived using TORCH information alone. This is achieved by obtaining
a likelihood profile for each track as a function of 𝑡arrival and combining
the likelihood of all the tracks associated with the same vertex. How-
ever, the VELO detector for LHCb Upgrade II is expected to provide
fast timing in a small region around the vertex. Therefore, it is also
possible to use such information as a source for 𝑡0. The TOF is computed
as 𝑑track∕(𝛽𝑐), where 𝑑track is the path length of the charged particle,
computed via interpolation from the positions measured by the tracking
system, and 𝛽 is computed for the hypothesis under consideration for
the particle mass (𝜋, 𝐾 or 𝑝). The propagation time of the photon can
be computed from its path length in the TORCH as 𝑡prop = 𝑑prop∕𝑣group,
where 𝑣group is the group velocity, which depends on photon energy.
The dependence of the quartz refractive index on photon energy leads
to chromatic dispersion. Photons with different energies produced by
the same track will be emitted with different Cherenkov angles, as can
be seen in Fig. 1. As a consequence, the Cherenkov angle can be use to
correct for the chromatic dispersion. This is essential in TORCH to cover
the momentum range of interest and leads to a different reconstruction
approach in TORCH compared to e.g. the Belle II TOP [5].

In order to compute the Cherenkov angles and path length, the
photon path is reconstructed by associating the detected position at the
MCP-PMT with charged hadrons traversing the quartz radiator bars.
This reconstruction is done via an analytical back-propagation. In this
processes the exact path is unknown and the properties are evaluated
for different combinations of reflections on the sides and the bottom of
the module for each photon-track pair. There is also an ambiguity about
where the Cherenkov photon is emitted and it is assumed that each
photon is produced at the centre of the radiator. These assumptions
introduce an implicit resolution on the photon emission time, as can
be seen in Fig. 3.

The aim is to obtain the probability of a given hit being produced
by a track/hypothesis. This is achieved by combining all the aforemen-
tioned information in the probability density function (PDF) for each
track/photon/hypothesis combination. At the photon emission point,
the PDF depends on 𝑡0, the photon energy (or equivalently 𝜃c), 𝜙c and
𝑧 (aligned with the LHC beam pipe). The considered hypothesis and
number of lateral reflections are encoded in the Cherenkov angles. The
variables factorize such that
𝑃 (𝐸𝛾 , 𝜙c, 𝑧, 𝑡0) = 𝑃 (𝐸𝛾 )𝑃 (𝜙c)𝑃 (𝑧)𝑃 (𝑡0)𝛩(𝐸𝛾 , 𝜙c, 𝑧)

= 1
2𝜋

1
𝑟𝑧
𝑃 (𝐸𝛾 )𝑃 (𝑡0)𝛩(𝐸𝛾 , 𝜙c, 𝑧) .

(2)

The function 𝛩(𝐸𝛾 , 𝜙c, 𝑧) is a step function that is equal to one if a
photon is able to be successfully mapped to the detector plane and
zero otherwise. The resolution in time due to the electronics can
be translated to a Gaussian smearing of 𝑡0. The PDF describing the
emission is normalized by Monte Carlo integration. The PDF on the
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Fig. 4. Comparison between the image from a single track obtained (left) by forward
mapping 106 photons through the TORCH optics and (right) from 𝑃 (𝑥⃗ ′′) shown
integrated over time.

detector plane is given by 𝑃 (𝑥 ′′
d , 𝑦

′′
d , 𝑡d), where 𝑥 ′′

d , 𝑦
′′
d , 𝑡d are the spatial

and temporal coordinates in the detector plane. This is related to the
initial PDF by a transformation. Since 𝑥 ′′

d and 𝑦 ′′
d are independent of 𝑡0,

the determinant of the Jacobian matrix for the transformation is given
by

|𝐽 | =
|

|

|

|

|

𝜕𝑦 ′′
d

𝜕𝐸𝛾
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d
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−
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d

𝜕𝐸𝛾
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d

𝜕𝜙c

|

|

|

|

|

, (3)

The derivatives can be computed numerically, by mapping four photons
through the optics, or analytically. Because the image is three dimen-
sional, and very fine grained in space and time, it is not practical to
approximate the PDF numerically by ray-tracing photons through the
TORCH optics. However, such numerical approximation can be used
as a cross-check. The PDF evaluated for a single track is compared to
the pattern expected from mapping a large number of photons from
the track through the TORCH optics in Fig. 4. The same features are
reproduced by both approaches.

The log-likelihood for a given track, 𝑡, and hypothesis, ℎ𝑡, is given
by

log𝐿 =

∑

pixel 𝑖
log

⎛

⎜

⎜

⎜

⎝

𝑁𝑡
𝑁tot

𝑃𝑡(𝑥⃗ ′′
𝑖 |ℎ𝑡) +

∑

track 𝑗
𝑗≠𝑡

𝑁𝑗

𝑁tot
𝑃𝑗 (𝑥⃗ ′′

𝑖 |ℎ
best
𝑗 ) +

𝑁bkg

𝑁tot
𝑃bkg(𝑥⃗ ′′

𝑖 )

⎞

⎟

⎟

⎟

⎠

, (4)

where ℎbest𝑗 is the best guess of the particle mass hypothesis for track
𝑗, and 𝑃bkg(𝑥⃗ ′′

𝑖 ) is the PDF describing the background from photons
not associated with reconstructed particles. The background PDF is
assumed to be uniformly distributed in space and time. The ratio
of photons associated to each component, 𝑁𝑗∕𝑁tot, is estimated by
propagating 1000 photons per track through the TORCH optics. These
fractions are fixed in the likelihood fit as finding the yields in a fit is
not practical. The ‘best’ hypothesis for each particle is determined in an
iterative manner. First all tracks are assigned the pion hypothesis as the
‘best’ hypothesis. For each track the log-likelihood for each hypothesis
(𝜋, 𝐾, 𝑝) is then evaluated. Each track is then assigned its best working
hypothesis, defined as the one that maximizes the log-likelihood. This
process is then repeated a number of times, with ℎbest𝑗 set to be the best
hypothesis from the previous iteration. This process converges quickly
and only three iterations are used. This is the same approach used in
the LHCb RICH detectors [6]. The likelihood calculation only considers
tracks in the same module as each module is optically isolated.

3. Performance

In order to estimate the impact of TORCH on LHCb’s PID perfor-
mance, the TORCH detector is added to the LHCb Geant4 simulation

Fig. 5. TORCH PID performance in LHCb in high luminosity LHC data taking
conditions. Two different likelihood requirements are shown for kaon-pion separation
efficiency (top) and for proton-kaon separation efficiency (bottom).

[7–9]. High-luminosity LHC conditions, corresponding to those ex-
pected during the Run 4 of the LHC ( = 1.4 × 1034 cm−2s−1), are
simulated. The ability to separate pions and protons from kaons at
lower momentum, with the aforementioned conditions, is demonstrated
in Fig. 5, where a selection based on the likelihood ratio between
different particle identification hypotheses is used. As can be seen, good
separation between kaons and pions is achieved below momentum
of 10 GeV∕𝑐 and between kaons and protons up to about 15 GeV∕𝑐
momentum. These momentum regions complement the PID provided
by the RICH detectors and thus TORCH has great potential to improve
the physics reach of the LHCb experiment.

With Run 4 conditions, the reconstruction algorithm takes (1s)
per event.1 Although significant effort has been put into reducing
this time further optimization is still needed. In order to fit the time
budget of the LHCb trigger system, the full event reconstruction of
TORCH needs to be completed in (10 ms). Several bottlenecks and
under-performing calculations have already been identified and fu-
ture versions of the code will include improvements on these aspects.
The likelihood calculation is well suited for parallelization as each
module is completely independent and the probabilities for a given
hit/track/hypothesis combination could be determined independently.
As a consequence, a significant speed-up could be possible by using
accelerator platforms such as GPUs and IPUs. Motivated by this, the
TORCH photon mapping has been developed for these platforms as a
proof-of-principle. Additionally, a local likelihood can be computed by

1 Tested using a Intel Core i5-10500 3.10 GHz.
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removing the second term in Eq. (4). This approach considers each
hadron in isolation and, thus, no iteration is needed and it is more
parallelizable. The downside is that the background is sub-optimally
reproduced. However, considering that there is already a large back-
ground due to photons not associated to any reconstructed track, the
performance is not significantly affected with respect to the previously
described approach.

4. Conclusions

TORCH is a large scale time-of-fight detector aiming to provide
charged particle separation in the 2–15 GeV∕𝑐 momentum range over
a 9.5 m flight path. Adding PID capability in the lower momentum
region, it has potential to significantly improve sensitivity across the
wide physics programme of the LHCb experiment. Simulations of the
TORCH detector show that it has the ability to significantly enhance
the particle identification capabilities in this momentum region. The
improved particle identification capability delivered by TORCH will
have many applications in the LHCb physics programme. The biggest
gains are expected in channels with protons (including measurements
of pentaquark states) or soft-particles. The latter will increase the uni-
formity over phase space of amplitude analyses and could significantly
improve the flavour-tagging performance of the detector (increasing
the effective sample size of 𝐶𝑃 -violation measurements). TORCH will
also provide opportunities for analyses with deuterons and other heavy
charged particles.
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