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Motivation

• Physics programme at LHCb relies on good
PID, currently provided by 2 RICH detectors

• At low momentum both kaon and proton are
below Cherenkov light emission threshold [1]

• Idea is to add large area time-of-flight detector
to provide PID below 15 GeV/c

• For K–π separation over 10 m, need a per-
track resolution of 10–15 ps
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Figure 14: Reconstructed Cherenkov angle as a function of track momentum in the C4F10

radiator

ring does not overlap with any other ring from the same radiator.
Figure 14 shows the Cherenkov angle as a function of particle momentum using information

from the C4F10 radiator for isolated tracks selected in data (∼ 2% of all tracks). As expected, the
events are distributed into distinct bands according to their mass. Whilst the RICH detectors
are primarily used for hadron identification, it is worth noting that a distinct muon band can
also be observed.

5.3 PID calibration samples

In order to determine the PID performance on data, high statistics samples of genuine K±, π±,
p and p̄ tracks are needed. The selection of such control samples must be independent of PID
information, which would otherwise bias the result. The strategy employed is to reconstruct,
through purely kinematic selections independent of RICH information, exclusive decays of
particles copiously produced and reconstructed at LHCb.

The following decays, and their charge conjugates, are identified: K0
S → π+π−, Λ →pπ−,

D∗+ → D0(K−π+)π+. This ensemble of final states provides a complete set of charged particle
types needed to comprehensively assess the RICH detectors hadron PID performance. As
demonstrated in Fig. 15, the K0

S, Λ, and D∗ selections have extremely high purity.
While high purity samples of the control modes can be gathered through purely kinematic

requirements alone, the residual backgrounds present within each must still be accounted for.
To distinguish background from signal, a likelihood technique, called sPlot [23], is used, where
the invariant mass of the composite particle K0

S, Λ, D0 is used as the discriminating variable.
The power of the RICH PID can be appreciated by considering the ∆logL distributions for

each track type from the control samples. Figures 16(a-c) show the corresponding distributions
in the 2D plane of ∆logL(K − π) versus ∆logL(p − π). Each particle type is seen within a
quadrant of the two dimensional ∆logL space, and demonstrates the powerful discrimination
of the RICH.
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• Large area time of flight detector 
designed to provide PID in the  
2-10 GeV/c momentum range.  

➡ Considered for upgrade II of 
the LHCb detector.  

• Exploit prompt production of 
Cherenkov light to determine time 
of flight.  

• For K - π separation over 10m,    
need to aim for a resolution of                             
      (                        )
    .

The TORCH concept
LHCb  [EPJC 73 (2013) 2431]
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1) TORCH principle [2]
• Exploits prompt production of Cherenkov light in quartz bars
• Cherenkov photons travel to detector plane via total internal reflection
• Photons detected with MCP-PMTs developed by Photek Ltd.
• Expect 20-30 photons detected per track
• 15 ps per track resolution ⇒ single photon resolution of 70 ps

2) Beam test
• Half-height module with space for 11 MCP-PMTs
• CERN PS T9 beamline provides p and π with about 3–15 GeV/c mo-

mentum
• Time reference, threshold Cherenkov counter, beam telescope and trig-

ger scintillators to define beam and start time2022 test beam experimental area
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TORCH prototype silicon pixel telescope 
(https://telescopes.desy.de/AZALEA )

F2/T2 F1/T1

CO2 Cherenkov  
counter

time 
reference

time 
reference

scintillator  
pair

beam line

TORCH prototype
LV/HV

AIDA  
TLU

• Prototype detector 
equipped with six 
MCP-PMTs and 
associated 
electronics.  

• New DAQ, LV and 
HV supplies. 

TLU  
fanout

DESY table
telescope

2022 test beam experimental area

13

TORCH prototype silicon pixel telescope 
(https://telescopes.desy.de/AZALEA )

F2/T2 F1/T1

CO2 Cherenkov  
counter

time 
reference

time 
reference

scintillator  
pair

beam line

TORCH prototype
LV/HV

AIDA  
TLU

• Prototype detector 
equipped with six 
MCP-PMTs and 
associated 
electronics.  

• New DAQ, LV and 
HV supplies. 

TLU  
fanout

DESY table
telescope

3) Results from 2018 campaign [3]
• Prototype equipped with 2 MCP-PMTs
• Main aim to demonstrate single photon time resolution
• Measurement at several radiator entry positions
• Time resolution depends on cluster size and photon pathlength

σ2
TORCH = σ2

MCP + σ2
prop(t) + σ2

RO(Nhits)

Measurement [ps] Target [ps]Pions Protons
σprop × 103/tp 8.3 ± 0.7 7.6 ± 0.5 3.75 ± 0.8

σMCP 34.5 ± 8.6 31.0 ± 7.6 33
σRO ×

√
NHits 96.2 ± 6.7 95.0 ± 6.0 60
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Figure 10: (a) The spatial distribution of reconstructed photon clusters on MCPs A and B. Pixels marked
with a red cross are those where the time reference signals were injected. (b) The time projection of
reconstructed photon clusters on MCP-PMT column 16, with the photon trajectories that fall within
the MCP-PMT acceptance labelled, and the associated reflections on the right.

The measured resolution �meas receives contributions from the experimental setup that are external
to TORCH, which need to be subtracted. Here the start-time resolution is the primary contribution.
During nominal data taking, the rate of hits is maximised by requiring only the downstream timing-
reference scintillator stations to have fired. From a study of the time di↵erence between the two timing
signals for di↵erent trigger configurations, the t0 resolution, �time ref, is measured to be 53.2±0.6 ps. The
second contribution is due to the finite size of the beam; the uncertainty in the particle entry position
in the quartz plate results in a variation of the photon path length and hence its arrival time. From
simulation and a knowledge of the beam profile, the contribution to the time resolution, denoted by
�beam, is between 15.1 and 30.4 ps [23], dependent on the height at which the beam enters the plate. The
above contributions are subtracted in quadrature from �meas to obtain the TORCH single photon time
resolution:

�2
TORCH = �2

meas � �2
time ref � �2

beam. (1)

The time resolution is measured for several beam entry positions, indicated by Positions 1, 3, 4 and
5 in Fig. 9. Here the distance from the top of the plate to the beam is varied from 175 mm to 1115.4mm
in four steps. The TORCH time resolution for each MCP-PMT column and beam position is shown
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Figure 12: The TORCH time resolution of the proton sample, displayed as a function of the propagation
time and number of hits per photon cluster. The overlaid surface is the result of the 2D fit described in
the text.

towards the bottom of the plate, are used to study the time resolutions of photons that have undergone
multiple side and/or bottom reflections in the plate, as shown in Fig. 10b. Photons collected on MCP B
are studied, where there is good separation between di↵erent orders of reflection across all columns.

The simultaneous fit, as described above, is used to determine the resolutions of the six orders of
reflection in each column. For each order, a weighted average of the measured resolutions across all
columns is calculated and is shown in Fig. 13a. Figure 13b shows the resolution as a function of the
total number of photon reflections in the quartz radiator, determined from simulation. The number of
reflections from the front and back surfaces as well as those from the side and/or bottom faces are counted,
although dominated by reflections from the front/back. The vertical error bars indicate the systematic
uncertainties on the measurements associated with the column averaging, whilst the horizontal error
bars indicate the range of the number of reflections.

The measured resolution for the direct photon path (path number 1) is approximately 100 ps which
is similar to the measured resolution of direct photons from Position 5. Photon paths with side and
bottom reflections have slightly degraded resolutions, to be expected from the increased path length and
total numbers of reflections.

6.2 Photon yields

The number of photons collected in Proto-TORCH are counted and compared to yields obtained from
simulated samples. To exclude photons that are likely to have originated from background sources,
photons are only counted if they arrive within 0.5 ns of the peak time of arrival, and on pixels close to
expectation (determined from simulation).

For beam positions close to the side edge of the quartz, only photons that travel directly or are
reflected once o↵ the nearest side edge are counted. The yields of the number of photons detected
per incident hadron in data, Nphotons, are compared to expectations from simulation in Fig. 14. Some
discrepancies between data and simulation are observed; in particular there are more events in data
where no photons are observed than in simulation. This is attributed to two e↵ects: firstly the likely
occurrence of a small number of false triggers, and secondly that small charge-shared pulses can have
amplitudes below the NINO thresholds which are not accurately modelled in the simulation. The mean
number of photons detected per hadron for each beam position is shown in Table 3. Good agreement is
seen when events with Nphotons are excluded, better that 80% at all beam positions. The photon yield
reduces when the beam is positioned further from the MCP-PMTs because the angular acceptance of
the detection surface decreases. Note that the mean photon yield per hadron is significantly reduced
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• Time resolution approaches design
• Expected path dependence seen
• Number of clusters seen in reason-

able agreement with expectation
• Limited by electronics calibration
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Figure 13: (a) Single-photon time resolution for di↵erent photon paths originating from pions entering
the plate at Position 6. (b) Single-photon time resolution as a function of the total number of reflections
made inside the quartz radiator (taken from simulation) for di↵erent photon paths. The colours indicate
the paths as shown in Fig. 10b.

Table 3: The mean number of photons detected originating from Positions 1, 3, 4 and 5 in data and
simulation. The final column gives the ratio of the mean yields when the contributions from events with
zero photons detected in data and simulation are excluded.

Position
Mean Nphotons Mean(Data)/Mean(Simulation)

Data Simulation All Excluding Nphotons=0
1 2.605 ± 0.007 3.586 ± 0.020 0.726 ± 0.004 0.843 ± 0.005
3 1.419 ± 0.005 2.016 ± 0.029 0.704 ± 0.010 0.824 ± 0.010
4 0.937 ± 0.004 1.454 ± 0.024 0.644 ± 0.011 0.823 ± 0.008
5 0.677 ± 0.002 1.127 ± 0.022 0.600 ± 0.012 0.820 ± 0.009

compared to future expectations of 30 photons per charged track for a fully-instrumented module. This
is primarily because only two (of the eleven) MCP-PMTs are instrumented, and only one of the possible
photon paths is here considered. In addition, future MCP-PMTs are expected to have a much improved
quantum e�ciency which will result in larger yields.

The yields of photons that have undergone multiple side reflections within the quartz plate are also
studied, using data taken with the beam at Position 6. This central location towards the base of the plate
allows for reflections from both side surfaces and the bottom surface of the radiator to be observed. As
shown in Fig. 10b, some orders of reflection arrive on the same pixel close in time. To minimise double
counting and mis-association, the boundaries around each order are adapted from the nominal ±0.5 ns
region for each column individually. The yields from di↵erent photon paths are presented in Table 4 and
good agreement is generally seen in the photon yields when compared to simulation. The deficiency in
photon yields in data for photons reflecting from the bottom surface is not understood, but may be due
to a slightly low-quality finish of this surface.

6.3 Per-track time resolution

The final stage of the analysis involves measuring the so-called “per-track” timing resolution, where the
best estimate of the track time is determined from a combination of arrival times of all photon clusters
in the event. The overall TORCH timimg performance relies on there being a 1/

p
Nphotons dependence,

assuming that the measurement properties of individual photon hits are uncorrelated with others from
the same track. In what follows, the time-stamps of the individual photons from a single incident track
as identified in Sec. 6.1 are combined, and the corresponding time resolution determined.

The analysis combines information from photons that arrive on di↵erent MCP columns. In order to
increase the yield of events that have several detected photons, hits on both MCPs A and B are used.
The per-track time resolution is measured as a function of track entry position in the quartz radiator,
and as a function of Nphotons.

The time of arrival of each photon, tmeas, is compared to the expected time of arrival, texp, obtained
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4) Beam test campaign 2022
• Six MCP-PMTs compared to two in previous beam tests
• Improved DAQ to cope with more data
• Better synchronisation between various subsystems

– Telescope reconstruction fully working and events synchronised to
Torch data

– For the first time we have per-track information for TORCH data
analysis
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• Small improvements in time resolution on two MCP-PMTs used before
• Working on calibrations and detailed understanding of additional

MCP-PMTs
• Data at several energies with momentum of 3, 5, 8 and 10 GeV/c

• Aim to demonstrate PID
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